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PREFACE 


This book has been written for students with an elementary knowledge 
of Light, who are reading for University Scholarships, the various Higher 
Certificate Examinations, and University Intermediate Examinations. 
It is hoped that it will also be adequate for those readers who do not 
wish to continue the study of the subject beyond the Pass Degree standard, 
provided it is supplemented with suitable lecture notes. Phe convention 
of signs adopted is the first of the two recommended in the recent report 


of the Physical Society. 


Specialists at Schools and 
vear^. and well-tried m 


established. The subject matter is presented logically and as simply as 
truth will allow, only finally accepted theories being expounded. This 
method has the virtues of simplicity and definiteness and the doubtful 
virtue of leading to sudeess in examinations, for, if the student fails to 
understand the ideas presented to him, he has only to learn them by 
heart to gain good marks. But it has some disadvantages which are 
serious in the case of students at the less advanced stages. The work 
may become somewhat dull, because only one theory is presented, and, 
since ideas are put forward as if they were inevitably true, there is little 
opportunity for discussion and the exercise of the critical faculty. When 
the student trained in this w ay begins to do research, he is often bewildered 
because he is faced with a type of situatign which is quite strange to him. 

different method of presentation has been adopted in this book ; 
it is not a logical method, nor is it historical in the sense that there is any 
reference to the life history of pioneer workers. But it is historical in 
the sense that the discovery of facts and the development of ideas is 
presented as they occurred historically, ^^’hen the set of facts which were 
historically known at a certain date have been discussed and established, 
the theories which were put forward to correlate them are expounded 
solely in the light of those facts. There is no dogmatic suppression of 
one theory because the teacher, W’ith his wider knowledge of facts, is 
aware that later evidence will rule it out. The reader is therefbre 
treated as if he were at the frontiers of know'ledge ; he is made to exercise 
his critical faculty in deciding which of the two theories is the more 
atisfactory ; his interest is aroused by the uncertainty of the situation 
and the contlict of ideas, and he sees how' new' lines of investigation are 
suggested by the deductions made from the theories. So he learns that 
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further experiments. In this way the mass of evidence grows until one 
theory becomes untenable and yet another advance has been attempted 
and made good. It is felt that students trained in this wa\ 


It IS relt that students trained in this way will be better 
able to do original work and to solve problems when they commence 
their professional careers. 

This method of teaching will be called the dynamic method, because 
it tries to trace the growth of the ideas correlating the experimental 
evidence and the modification of those ideas by the further investigations 
which the}'^ have suggested. It has been developed in the case of Light 
in the following way. Lenses and mirrors occur naturally and their 
power to produce images vvas known to the Greeks and Romans. Geo- 
metrical optics is developed as an attempt to analyse this power of lenses 
and mirrors to produce such images, and it is shown how this analysis 
led to an extension of their uses and to an improvement in the definition 

of the images. Later the discovery of the telescope, which was probably 

accidental, 


1 


analysis 


and mirrors and opened up the new field of optical instruments, which 
has revealed to mankind both the depths of space and the infinitesimal 
detail of the structure of living beings and inanimate matter. Finally, 
the recent advances in photometric technique are shown to be due to 
the growth of industriai civilisation, with its large urban populations. 
As the simple f undymental facts about Light have now been established, 
the theories to explain them are discussed. The attempts of both the 
corpuscular theory and the wave theory are dealt with, and it is interesting 
to observe that the explanations of rectilinear propagation and reflection 
on the corpuscular theory always make a strong appeal to the student 
and seem to him to be superior to those of the wave theory. This illus- 
trates another advantage of the dynamic method of teaching, in that its 
presentation of the subject matter is likely to be in harmony with the 
student’s mental development. It is seen that neither theory is com- 
pletely satisfactory, the usual situation when only a limited range of 
facts is known. The wave theory ultimately triumphs, not because of 
any one crucial experiment, but because it suggests the search for inter- 
ference and diffraction, both of which are finally discovered and lead to 
ways of measuring the wave-length of light. The book concludes with 
an elementary discussion of the photo-electric effect and Compton effect, 
which show' in a simple way the necessity for the revival of the coi-puscular 
theory in a new form, and so, as with Newton’s Optics, this volume closes 
with some “ Queries 

It must be left for others to decide if there is any virtue in this type of 
presentation, but, it is hoped that the reader will acquire a keen critical 
faculty and the power to solve problems, which are so important in a 
changing world ; and that he will learn that not only does new knowledge 
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revolutionise old trades, but that urgent practical problems also lead 
to new knowledge which is of interest for its own sake ; and lastly, as a 
result of the attempt made to describe the subject matter against its relevant 
social background, it is hoped that the reader will become conscious of 

the social responsibility of scientists. 

A selection of examples is given at the end of each chapter, some of 
which have been composed by the author and the remainder taken 
from recent examination papers by kind permission of the Cambridge 
University Press, the Northern Universities Joint Matriculation Board, 
the University of London, and the Examining Boards to the two principal 
Groups of Oxford Colleges. The source of each of these examples is 

given in brackets after the question. 

I must acknowledge my indebtedness to the standard works on Light 

by Newton and Mach and also to Martin’s “ Introduction to Applied 
Optics I should also like to express my sincere thanks to my friend, 
Dr. A. Wood, University Lecturer in Experimental Physics at the 
University of Cambridge, who has read through the manuscript and 
made a number of valuable suggestions. I must also thank my col- 
league, Dr. J. W. Mitchell, of Repton School, who gave me the benefit of 
his great experience in spectroscopy in writing Chapter 16, and who has 
worked out the answers to the examples. Finally, I am obliged to 
Mr. J. W. Cottingham, of Barnsley Grammar School, and to Dr. J. W. 
Mitchell for the beautiful photographs from which the Plates have been 
prepared. 

King Edward VII School, 

Sheffield, 

June , I93Q. 


The sources of the examples are indicated as follows : 

Camb. Schol. Entrance Scholarships at Cambridge Colleges. 
Oxford Schol. Entrance Scholarships at Oxford Colleges. 


O, and C. 


N.U.y.B. 


0.xford and Cambridge Schools Examination Board 
Higher Certificate. 

Northern Universities Joint Matriculation Board Higher 
Certificate. 

London University Higher School Certificate. 

London University B.Sc. General Honours Examination. 

Tripos, Part I. Part I of the Natural Sciences Tripos, Cambridge 

Universitv. 


London 
Lond. B.Sc. 
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Chapter I 

INTRODUCTORY 


1. FUNDAMENTAL IDEAS 

The foundation of the “ Royal Society of London for Improving 
Natural Knowledge ” in the year 1660 marks the beginning of serious 
scientific work in Western civilisation, and science has now reached a 
vigorous maturity and is playing a big part not only in the control and 
shaping of man’s material environment but also in the revolution of the 
fundamental ideas in philosophy and religion. When maturity has been 
reached, it is natural to pause, to look back, and to ask, What is science J 
What are its aims ? How does it achieve them ? Perhaps the best answer 
to the first two questions is that given by Dingle : “ Science is the record- 
ing, augmentation, and rational correlation of those elements of our 
experience which are actually or potentially common to all normal 
persons.” We may pause to elaborate this statement a little. Experiences 
may be taken to include all things of which we are conscious except 
rational ideas. They include not only sense perceptions, such as warmth, 
sound, sight, and the countless sensations to which they give rise, but 
also such experiences as mental states, which arc treated scientifically 
in psychology, and tribal beliefs and customs, which are discussed in 
anthropology. But science restricts itself to those experiences common 
to all persons ; this expresses what is inherent in the word fact. A 
fact may be defined as an experience which is agreed upon bv all normal 
persons. One or two examples will make this clear. If we look into a 
pond with a still surface by the side of a tree, we shall see a representation 
of the tree upside down in the pond. This representation of the tree 
will correspond in every detail to the actual tree and it will disappear 
if the surface of the pond is disturbed by waves. This experience is 
agreed upon by all normal persons ; notice that a blind person cannot 
be regarded as normal, which is quite natural, as he lacks the sense of 
sight. Everyone will agree about what they see in the representation of 
the tree down to quite small details. Such an experience is a fact ; and 
science deals only with such facts. It deliberately selects those elements 
ol the immense variety of our experience which do satisfy this test of 
being common to all normal persons. The visions which some persons 
claim to have seen in a spiritualistic seance are not facts, since they cannot 
be experienced by all normal persons ; it is only a few persons w'ho have 

I t 



ever seen them. Again, the experience that water turns anhydrous copper 
sulphate blue is a fact, because everyone agrees upon it ; anyone who 
tries the experiment gets the same result. A failure can always be 
explained in a rational way ; the white powder was not anhydrous copper 
sulphate, the liquid was not water, and so on. But the experience that 
a specially shaped twig moves downwards when it is carried over a place 
lich in water is not a fact, since very few persons can observe the move- 
ment when carrying the twig. It is not denied that a few persons may be 
able to detect the presence of water below the ground in this way, but 

It IS not a fact, since the experience is not common to all normal 
persons. 

When facts have been recorded, they are augmented. They are 
classified, ideally into a mathematical equation. This enables their 
significance to be the better appreciated. The immense number of 
observations about the motion of the planets round the sun were aug- 
mented by Kepler into his three laws of planetary motion, which are a 
neat expression, reaitily apprehended by the mind, of the motion of the 
planets and the relations between those motions. 

This important, stage of science clears the way for the third vital stage, 
the rational correlation of the facts. This is just an explanation of 
the facts, a theory to explain the facts. What does this word “ explana- 
tion ’ mean } A simple example will make it clear. When we say that 
we have e.xplained the motion of the moon round the earth as due to 
gravitation, we have merely shown that the earth attracts the moon just 
as it attracts a stone ; we have correlated the “ falling moon ” with the 
h.!liing stone. We have rendered the rare less mysterious by showing 
Its connectKiii v/ith an everyday occurrence. This misleads some 
enthusiasts into tainking that we really know zvhy the moon goes round 
the earth. But it did not deceive Newton, who said, “ Do not ascribe 
unto me any explanation of the force of gravity.” Science states how 
things happen, not why they take place. When we say that we have 
explained the magnetism of the elementary magnets as due to electrons 
spinning or describing orbits about the nucleus of the atom, we have 
just correlated this magnetism with that due to an electric current in a 
coil of macroscopic size. This process of rational correlation of the 
facts IS in a sense the construction of a working thought model of the 
facts. What we experience when we handle a football is the pressure of 
the air with which it is blown up, and further experience with gases 
under pressure leads us to augment the facts into the law that pressure and 
volume are inversely proportional to each other. Our working thought 
model of the gas in the football is a collection of tiny particles, the 
molecules of the gas, moving at speeds of about a mile per second and 
going in straight lines except when they are deflected by encounters with 
other molecules. The pressure of the gas is due to the rebounding of 
the molecules off the bladder of the football. By applying the laws of 
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mechanics to this working thought model, wc can deduce an expression 
for the pressure of the gas and show that the model obeys the above law. 
We have correlated the gas in the football with the laws of mechanics, 
which are obeyed by flying bullets, billiard balls, and motor-cars. The 
theory can be called a working thought model, because it is a representa- 
tion of the experience, a kind of model of it ; a working model, because 
it works like a machine ; and a thought model because it only exists in 
our minds. Perhaps this is its very power, because it can be divested 
of all those awkward practical irregularities w'hich spoil actual models, 
and since it exists in our minds we have to deduce what it will do ; it 
can thus be subjected to that powerful tool, mathematical reasoning. 

Such a theory must do one further thing. It must not only correlate 
the known facts, but it must suggest the existence of new facts ; it should 
suggest new and fruitful lines of enquiry. The correlation of the facts 
about planetary motion with the familiar laws of falling bodies at the 
earth’s surface by the law of gravitation had a long sequence of successes 
until the nineteenth century. It was then found that the motion of the 
planet Uranus did not quite fit in with the law', but the law' suggested 
that these irregularities were due to the presence of another hitherto 
undiscovered planet. Moreover, it told the astronomer where to find 
the planet, and when he looked it was there ! So the theory acts as a 
signpost in the unknown land, leading us to the hidden treasure. And 
this brings us to the last characteristic of science : it begins with obser\'a- 
tion and ends with observation. And its observations are restricted to 
those common to all normal persons. Thus such experiences as goodness, 
the beauty of a picture lie outside its ken ; but science does not deny 
their existence, only its technique cannot deal w'ith them. 

What is its technique } In describing the aim of science, we have dealt 
with its technique. It can be summed up in four steps : record the 
facts, the experiences common to all normal persons ; augment or 
classify them into a law', best of all a mathematical equation ; correlate 
the facts rationally or invent a theory to explain them ; and that theory 
or working thought model should lead to a search for new facts. There 
is just one article of faith in science, a belief in a sequence of natural 
events, a belief in the existence of law' and order in nature. It has now 
been abundantly justified by experience. 

It is the aim of this book to show how the subject of Light has developed 
along these lines and to indicate at what stage our knowledge has arrived. 
Some indication will be given of recent additions to knowledge, but a full 
discussion of them is out of place in a book of this standard, and must 
be sought in more advanced books. The fundamental notion in the 
subject of Light is the act of seeing or the sensation of sight. Such a 
thing cannot be described or explained, it can only be designated ; but 
the sensation is familiar to all normal persons. We are also familiar 
With the fact that certain bodies, such as the sun, the stars, a piece of 
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hot coal, or the hot filament of an electric lamp, can cause this sensation, 
while most bodies cannot of themselves do so. The former class of 
bodies are called self-luminous, the remainder being non-luminous. It 
is also well known that luminous bodies can cause non-luminous bodies 
in their neighbourhood to become luminous, much as an electric charge 
can induce charges into a conductor nearby. Light is the “ thing 
which a luminous body sends to the eye and which causes the 
sensation of sight when it strikes the eye. It should be noticed 
that the word “ thing ” is used without committing ourselves in any way 
as to the nature of light, and similarly the word ** send ” does not imply 
that the speed of the process is finite. We must retain an open mind on 
these points until sufficient evidence is available to settle them. It 
should also be emphasised that light has no concern with the actual sen- 
sation of seeing, nor is it concerned with the way in which the eye sends 
its message to the brain, such topics being treated under physiology. In 
the science of Light we restrict ourselves to a consideration of the physical 
process by which a luminous body produces a physiological sensation. 
The teirn “ physical ” refers here to something occurring apart from the 
observer, either in space or in some material substance. 


2. RECTILINEAR PROPAGATION 

The first property of light is that it travels in straight lines, a fact 
so obvious that it was known to the very earliest peoples who investigated 
nature. Anyone who has observed rays of sunlight through a rift in the 
clouds or has seen the beam of a motor-car headlight on a misty night 
can see the truth of this law for himself. It is also verified by the pin- 
hole camera, which was first made generally known by Porta in the 
middle of the sixteenth century. He found that if a small hole was made 
in the shutters of a room, an inverted image of the objects outside in 
their true colours was thrown on the opposite wall. The eye of the 
Nautilus is an example of a natural pin-hole camera. This law is also 
verified by the production of shadows, of which the most striking examples 
are the eclipses of the sun and moon. But if a shadow is produced in the 
laboratory, one rather interesting and significant point will be noticed, 
namely, that the edge of the shadow is never quite sharp^ however sharp 
the edge of the object producing it may be. Of course, the edge can be 
made sharp by putting the screen very close to the object, but this does 
not give the penumbra due to the finite size of the source a real, chance 
to develop. But if the screen is about the same distance from the object 
as the object is from the source, the edge of the shadow will never be quite 
sharp. It may be said that this is due to the fact that it is impossible to 
produce a strictly point source of light. This may be true ; but it may 
also be true that light does not travel quite in straight lines. It is certain 
that the deviation from rectilinear propagation must be small, but the 
evidence does not justify an assertion that such a departure does not 
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exist. It is interesting to notice, in passing, that similar uncert^ties 
exist in many scientific laws, which must always be accepted with due 
regard for experimental error, and which arc therefore always liable to 
revision in the light of more accurate experiments. With this reservation, 
then, we may regard rectilinear propagation as the fundamental law of 
light, and this leads to the idea of a ray of light, which is the f 
line between two points in an isotropic tnedium along wWch light 
is propagated. An isotropic medium is one whose properties are the 
same in all directions, and this restriction is necessary as rectilinear pro- 
pagation is only true in such media. It will be seen that a ray of light is a 
somewhat abstract conception ; it really comes to this : we artificially split 
the beam of light emerging from a searchlight, for example, into an infinite 
number of rays of light ; we do not know yet whether the rays have any 
real physical existence, but they are a convenient concept which enables us 
to analyse what happens, and the results obtained do fit many facts, so we 
shall retain the conception until we find it is at variance with the evidence. 


AND REFRACTION 


The phenomenon of reflection, which refers to the fact that when 
light strikes a new medium some of it is thrown back into the original 


known 


reflections of buildings, trees, and other objects can be seen in still water. 
It is not surprising to find, therefore, that not only did the Greeks know 
the law of rectilinear propagation, but that they also discovered the second 
of the two laws of reflection of light, which state that the reflected ray 

lies in the same plane as the incident ray and the normal to the 
reflecting surface, and that the two rays make equal angles with 
the normal. It is hardly necessary to say that this law can only be 
established by experimental investigation, and it is quite simply done 
by sending a ray of sunlight, or one produced artificially, on to a mirror 
and measuring the angles of incidence and reflection. Full details can 
be found in any elementary text-book on Light. It follows from these 
law^s that all the rays of light coming from a point source which strike a 
plane mirror appear to come after reflection from a point as far behind 
the mirror as the source is in front. In other words, the mirror forms a 
reflection of the point source behind the mirror. We can regard a finite 
object as made up of a large number of point sources, so the mirror will 
form a representation of the object as far behind the mirror as the object 
is in front. Such a representation of an object produced by an optical 
arrangement is called an image of the object. We have already seen 
how a pin-hole camera produces an image of objects, but there is a 
difference between the image it produces and that formed by a plane 


mirror. 


former 


point on the object actually converge to the corresponding point on the 
image, which is called a real image. But the image produced by a plane 
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mirror is called a virtual image, because it cannot be cast on to a screen 

and the rays of light from a point on the object only appear to diverge 

from the corresponding point on the image. We shall come across 

many other cases of real and virtual images. This analysis of how a 

plane mirror produces images can also be extended to show why lateral 

inversion occurs in plane mirrors, and to. the effects when a mirror is 

rotated and several mirrors are used to produce images. The reader 

must consult an elementary book on the subject for full details of these 
points. 

We have seen that when light strikes a new medium, some of it 
is reflected but some goes on into the new medium. Euclid was the first 
to observe some effects of the fact that the ray of light bends towards 
the normal when it passes from a medium such as air to a denser 
medium such as %vater or glass, although he did not himself discover 
the fact. It is interesting to notice that a further 2000 years elapsed 
before the law of refraction was discovered by Snell. An Egyptian 
astronomer, Ptolemy, vvho ii^^ed in the second century A.D. was the first 
person to make measurements on the angle between the ray in air and the 
normal to the plane refracting surface and the corresponding angle in 
w'atf^r. In this book these angles will be called the angle of inclination 

He drew'^ up tables from his measurements 


in air and water respectivejv. 

and enoricjateu the law that the angles of inclination in air and water 


are proportional to one another, 
ments for small angles, but it is quite wrong for large angles, 
very little serious &cientifi<; 

Alhazen first drew att 


This law is supported by his measure- 

There was 


results and his. iawc 


work for the next thousand years or so, but 
ten* ton ro the discrepancy between Ptolemy’s 
Siiell was the first person to arrive at the correct 
statement of the law of refraction, although he never published his 
results. It is possible that Snell was led to his statement of the law from 
the known fact that a pond appears shallower than it really is, and so he 
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came to measure the ratio 


Air 


BD 

CD’ 


assuming 


Water 


that the image of the point at the bottom 
of the pond was at C on the normal to 
the bottom (Fig. 1). It is possible that the 
constancy of this ratio for small values of 

AB 

the angle fled him to consider the ratio -r-p,, 

which is concerned with the incident and 
refracted rays themselves, and he found that 
this ratio is also constant for all angles of incidence. Descartes saw 
Snell’s work, but he published the law of refraction in a more mathematical 
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Fig. 1. 


form. We 


; that Snell’s original law states that 


AB 

AC 


is constant 
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AD 

• ^ = constant. 

" AC 
AD 


• constant, where * and r are the angles of inclination in air and 

cosec i 

water respectively, 

Qj. - where n is a constant for two given media, 
sin r 

This is Descartes’ form of the law of refraction and n is called the 
refractive index of water relative to air, or, more usually, the 
refractive index of water. All refractive indices quoted in this book 
are to be taken as relative to air unless otherwise stated. So we have the 
modern statement of the law of refraction, which is commonly known 

as Snell’s law, that the refracted ray lies in the same plane as the 
incident ray and the normal to the refracting surface and the 
ratio of the sine of the angle of inclination in air to that in the 

medium is constant. It is interesting that, although Descartes’ form of 
the law is invariably used nowadays, Snell’s original statement is the more 
convenient if we wish to construct the path of refracted rays so as to see 
quickly how the direction of the refracted rays will alter as that of the 
incident ray is changed. Let us suppose that we wish to study the 
refraction of light as it passes from air into glass. Take any point O 
(Fig. 2) on the refracting surface and draw with it as centre two circles 
whose radii are in the ratio 1-5, the refractive index of glass. To find 
the refracted ray corresponding to any incident ray AO, produce AO to 

meet the smaller circle at C and 
draw through C a line DCB 
normal to the refracting surtace 
meeting the larger circle in B. 

Then, by Snell’s own statement 
of his law, OB is the required 
refracted ray. We can see at 
once from this construction how 
there is a definite limit to the 
angle of refraction when the ray 
passes from air to glass and how 
there is a refracted ray corre- 
sponding to every possible 
incident ray. Now it is an experimental fact that, when a ray of light 
passing between two points is reversed, it retraces its path. Therefore it 
is equally clear that, if the light passes from glass to air, when the angle 
of inclination in glass exceeds a certain value there can be no correspond- 
ing ray in air. This occurs when the normal through B to the refracting 
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surface fails to cut the smaller circle. This merely indicates that SnelFs 
law breaks down for such angles of refraction, and it remains to find 
out by experiment what occurs under these conditions. It is well 
known that all the light is reflected, the phenomenon being called total 

reflection. This breakdown of Snell’s law can be equally well seen from 

its more familiar form. For sin i~n sin r and when r exceeds the value 
such that w sinrc=l, then there is no possible value of i satisfying the 
equation. This merely indicates that Snell’s law does not hold for 
values of which is known as the critical angle, but it does not 

shov/ that no refraction is possible. This can only be decided by experi- 
ment. If the nomnal to the refracting surface is produced so as to cut 
the smaller circle at E again, then OE is the reflected ray. This con- 
struction suggests tliat reflection is to be regarded as a particular case of 
refraction in which w = — 1 , a point of view which can also be derived from 
the more usual form of Snell’s law. This attempt to include reflection as 
a special case of refraction has been carried a stage further by Fermat, 
who succeeded in synthesising the three fundamental laws of light, 
rectilinear propagation, reflection, and refraction, into one general law, 
which we shall now consider. 

4. FERMAT’S PRINCIPLE OF STATIONARY TIME 

This law states that the path actually taken by a ray of light in 
passing betw^een two points is the path of least time, that is, the 
time is a minimum compared to that which would be occupied in travers- 
ing other possible paths close to the actual path. We shall now show how 
the three fundamental laws of light can be derived from this principle. 
Rectilinear propagation follows at once ; it is only true for an isotropic 

medium, in which the speed of 
light is the same in all directions. 
Consequently the path of least 
time between two points is the 
straight line joining them. The 
law of reflection follows from 
Fermat’s principle in this way. 
Let us suppose that a ray of light 
is to go from A to B by way of 
the plane mirror PQ (Fig. 3) and 
let us consider any possible path ACB. If we draw AO perpendicular 
to the mirror and produce it to A' so that A0=A'0, then AC=A'C 
whatever the position of C, and the length of the path ACB is A'C + CB. 
The path of least time between A and B is evidently the one of least 
length, since the light is travelling in the same medium throughout, 
and the path of minimum length is evidently ARB, where A'RB is a 
straight line, since A'RB is the line of least length between X' and B. But 

the triangles ARO and A'RO are congruent, since A0=A'0, ^AOR= 
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/^A'OR, by construction, and OR is common. 

^AkO=:ZA'RO. 

Also, since A'RB is a straight line. 

/.A'RO=Z.BftQ, 

^aro=zbrq, 
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which is the law of reflection. 


carefully 


passing 

B 


in 


me tact mar /y rvi. xs » .me, which follows from Fermat 
is an essential part of this derivation of the law of reflection. 

Finally, the law of refraction is also a consequence of Fermat 

as can be seen from a consideration of 
Fig. 4. Let ACB be the actual ra) 
from a point A in air to a point 
glass, to consider two particular media for 
the sake of simplicity, and let ADB be a 
path very close to the actual path of the 
ray. It follows from Fermat’s principle 
that the time occupied by the light in 
traversing ADB will, in the limit, be the 
same as that occupied in covering the 
actual path ACB. Draw CE perpendicularly 
to AC and DF perpendicular to BC. 

Then, as D approaches C, AE becomes 
more and more nearly equal to AC and 
BD equal to BF. It therefore follows from Fermat’s principle that the 
time taken by the light to travel the distance DE in air is equal to that 
taken to travel the distance CF in glass. Then if c and Cg are the velocities 
of light in air and glass respectively, we have 

ED_^ 

C ~ Cg 

ED_c 

■ ' ^~Cg 

sin ECD c 
;; — =-, a constant. 

sin FDC Cg 

But /_ECD=t, the angle of inclination in air, and jlFDC = r, the corre- 
sponding angle in glass. 



sin t 


sm r 


ft, a constant, 


which is Snell’s law. It should be noted that Fermat’s principle not 
only leads to Snell’s law, but that it gives a definite interpretation of the 
refractive index of a medium. It remains to be seen whether light is 
propagated with a finite velocity and, after that, if Fermat’s prediction 
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that light travels more slowly in a dense medium such as glass than in 
air is true. Nevertheless his principle is a suggestive way of regarding 


the behaviour of rays of light. 


fundam^tal 


laws of light makes a definite intellectual appeal ; indeed, its appeal was 


c 


so strong to thinkers of the Middle ^ 

stronger reason for believing the laws of reflection and 
refraction than the experimental results ! We shall have 
occasion to refer to the principle later on, but it is 
worth Avhile before leaving it to glance at its application 
to curved surfaces. Let us consider the possible paths 
taken by rays between the points A and B on a diameter 
ECD of a concave hemispherical mirror (Fig. 5), subject 
to the condition that the ray suffers only one reflection at 
the mirror. A and B are equidistant from C, the centre 
of curvature of the mirror, and CO J_ ECD. It is clear 
rom the law* of reflection that there are three such paths, 
ADB, AEB, and AOB, Let us see if we can derive this result from 
I erniat’s princ>pJe. Let APB be any possible path satisfying the above 
condition and let c be the radius of curvature of the mirror and AP=a, 

BP-- 



fc. 


I • 4J* 

r le. 5, 


c 

i 


b. a 


nd AC — BC = (i. Since C is the middle point of the triangle 


APB> then, by Apollonius’ theorem : 










Now’ 


, < 2 ^ 4 - — constant for any position of P on the arc DOE 

{a 4 - b)- — 2ia'^ 4 = b^) — (<2 — by- 




{a 4- 6)^ “ constant 


(a- 


by. 


Therefore {a-\~b) is a minimum when is a maximum. Now in the 

triangle xAPB a<Cb-i~2d or a — h<C.2d. When P is at D or E, a> — ‘b=i2d^ 
its maximum value, and {a-\-b) assumes its minimum value, which 
accounts for tw’o of the paths. How are we to explain the remaining 
path AOB ? When P is at O, a=b, a — ^= 0 , its least value, and so 
{a-{~b) is a maximum ! In this case, then, the ray of light takes the path 
of greatest time ! We must accordingly extend our original statement 
of Fermat’s principle to include cases of this sort, wLich also occur in 
refraction at curved surfaces. If the path has to be either that of least 
or greatest time, then it is clear that the variation in the time taken among 
paths near to the actual path is in the limit zero, the usual condition for a 
maximum or minimum. In such cases we say that the time is stationary. 
So w'e call the principle “ Fermat’s principle of stationary time ” and 
it states in its most general form that a ray of light in passing between 
two points takes the path of least or greatest time. 

5. GEOMETRICAL OPTICS 

Having established the two fundamental laws of rays of light we now 
turn to their conseauences. This part of the subiect is called Geometrical 
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Optics, which is the study of the reflection and refraction of rays 
of light at all types of surface and the application of the results 
to optical instruments. It does not concern itself with the nature of 
light, but only with those properties of rays which can be deduced from 
the two laws of reflection and refraction at plane surfaces. We can see 
the reason for this name, for these two laws are to be regarded as the 
“ axioms ” of this branch of geometry, and the various theorems relating 
to curved mirrors, refracting surfaces, prisms, and lenses are deduced 
from them just as the theorems of Euclid are deduced from a few axioms 
such as the shortest distance between two points is a straight line, parallel 
straight lines meet at infinity, and so on. We shall see that the results 
are at times somewhat abstract, as are those of Euclidean geometry, and 
that actual lenses and mirrors behave in a rather less simple way than 
our abstract lenses, in just the same way that the Euclidean straight line 
of length without breadth and depth cannot be realised in practice. But 
this does not affect the value of this kind of analysis of the properties 
of actual lenses and mirrors, and we shall see how it leads to a real 
understanding of the principles of such combinations of lenses and 
mirrors as telescopes and microscopes and therefore to their improve- 
ment. 

We shall accordingly consider refraction at curved surfaces and the 
properties of lenses and then reflection at such surfaces and the properties 
of curved mirrors. Practical experience soon showed that the attempt 
to produce too much magnification by a single lens leads to coloured and 
blurred images, and it was this very trouble with retracting telescopes 
which led Newton to seek an explanation in the nature ot white light 
itself. So we shall next consider his experiments on the splitting up 
of white light into the colours of the rainbow by a prism and the applica- 
tion of the results to the improvement of the images formed by single 
lenses. We shall see that results of a simple nature can only be obtained 
if we restrict ourselves to lenses, the diameter of whose circular outline 
is small compared to their focal length, and we shall next consider the 
type of effects obtained with lenses of large diameter, which are essential 
in certain optical instruments. It is natural to turn now to our own 
lens, the eye, and to consider its working and its defects. We shall deal 
with some problems of colour vision at this point also. The subject of 
vision naturally leads to the various aids to vision, such as the telescope, 
microscope, projection lantern, and other optical instruments ; it also 
suggests the measurement of the luminous intensity of sources of light 
and the illumination of surfaces. Interest in these topics has been 
stimulated in recent years by the necessity for providing better artificial 
lighting in offices, factories, and on the roads. These improved mctliods in 
photometry, as this branch of the subject is called, have also been 
applied to the measurement of the intensity of spectral lines of various 
kinds and so have also found an application in pure science. 
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6. PHYSICAL OPTICS 

So far we have established the properties of rays of light and their 
various applications, in short, we have developed the geometry of li 
rays. To put it in another way, we have obtained a classified set of experi- 
mental facts concerning light rays. On this basis we now proceed to the 
next stage in our quest, which is an attempt to answer the question : 
What is the nature of light } The theories of light and the experimental 
evidence bearing on them are usually known as Physical Optics, and the 
remainder of the book is devoted to this. There have always been two 
views as to the nature of light : the corpuscular theory, according to 
which a luminous body emits a stream of material particles which, on 
striking the retina, produce the sensation of sight ; and the wave theory, 
which asserts that light is waves in some medium filling the whole of 
space. We shall review these two theories first of all in the light of 
those facts represented by Geometrical Optics which we have already 
established, and we shall see that neither can be regarded as entirely 
satisfactory, but that each suggests new lines of attack on the problem. 
The wave theory asserts that light will travel more slowly in water than 

in air. whil 


e 


the corpuscular theory asserts the opposite, and so this 
suggests a measurement of the speed of light, and indeed this was already 
of interest to settle the vexed question as to whether there was any pro- 
pagation at all, for in what sense can the word be used if the speed of 
light is found to be infinite ? So we next turn to the various measurements 
of the velocity of light and the results come down in favour of the wave 
theory. But this theory has still plenty of difficulties to overcome, as 
supporters of its rival are not slow to point out. They are waiting to see 
how the wave theory is going to explain away the rectilinear propagation 
of light, which so clearly distinguishes light from a well-known wave 
motion, sound. And when are the supporters of this theory going to 
demonstrate interference in light and what have they got to say about 
the “ one-sidedness ” of light as revealed in the experiments of Bartholinus 
on the double refraction of light by a crystal of calcite ? So we turn to 
the phenomena of interference, diffraction, and polarisation, and we shall 
see that the supporters of the wave theory slowly but surely build up an 
impressive body of evidence in favour of their view, one by one removing 
the difficulties which stand in the way. We shall also see how this new 
knowledge, discovered almost exclusively for its own sake and for the 
intellectual satisfaction of fitting the facts into a rational scheme, has 
found a number of important industrial applications. So does new 
knowledge revolutionise the old trade, but the reader will also see through- 
out the book how science in its turn has had much help from and been 
inspired by the problems and needs of industry. 

It seems as if the scheme is complete. One further problem remains : 
If light is waves, what kind of waves ? What is the nature of the condition 
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which is propagated through the medium ? Is it the deformation of 
some kind of elastic though non-material substance r Is it electrical in 
nature ? The answers to these questions are beyond the scope of this 
book, but before we commence our journey of exploration in detail we 
must notice the clouds in the sky. As is usually the case, they are mere 
wisps to start with, giving no hint that they are soon to spread and cover 
the whole heavens. They have really been there tor some time, but we 
were loo busy with our successes to notice them. The photo-electric 
effect was discovered in 1888 , and it was destined ultimately to defy 
explanation on the wave theory and to demand for its elucidation a new 
form of corpuscular theory. But we must not tarry further with these 

peeps into the future. Let us commence our journe) ! 


EXAMPLES ON CHAPTER I 


1. Show that it is possible to get an image on a screen by using a pin-hole 

instead of a lens. What are the advantages and the disadvantages of doing this . 
What are the conditions necessary to prevent the definition m the photc^raph 
being marred by the shape or size of the hole ? {Camb, SchoL) 

2. State the laws of reflection. c r m * 

Apply these to find the length of the smallest mirror in which a man 5 ft. 10 in. 

high can see himself at full length. Why is a motor car driving-mirror convex ? 

{Oxford Schol,) 


3. Draw diagrams of the images obtained in two plane mirrors placed at an 
acute angle to one another, of an object placed between them not on the bisector 

of the angle. j i • i_ 

Show how the laws of reflection at a plane surface may be used to explain the 

existence of a principal focus in a concave mirror ot small aperture. 

(Oxford Schol.) 

4. An even number of vertical mirrors arc rigidly fastened together so that 
the angles between them do not vary. Show that the angular deviation of a 
horizontal beam of light reflected in succession from the mirrors is not affected 
by moving the mirrors. 

Two v'ertical mirrors are inclined at an angle of 15° and a horizontal beam is 
incident at an angle of 60° on one of them and is reflected backwards and forwards 
between them ; trace the path of the beam, (Camb, SchoL) 

5. Two vertical mirrors are at right angles to each other. Show that a horizontal 
beam of light will be parallel to its original direction after it has suffered reflection 
from the two mirrors. 

Describe the properties which such a system of mirrors would have. Can 
you suggest any applications for them ? (Camb. Schol.) 

6. Explain what is meant by the refraction of light, and describe one method 
by which the refractive index of a glass block could be measured. 

A cube of glass of refi'activc index 1*5 stands on an ink mark on a sheet of p^per. 
Why is it impossible to see the mark by Ifioking through the vertical sides of the 
cube ? (Oxford Schol.) 


7. Calculate the angle of minimum deviation of light through a prism of refract- 
ing angle 60 ' and of material \vhose refractive index is 1*5. Also calculate the 
deviation when light is incident on one face of the prisni at glancing incidence. 


{Oxford Schol.) 
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8. A ray of light passes nearly normally through a prism of small angle a nnd 
refractive index /x. Show that the deviation S is given by 8=(/Lt— l)a. 

A parallel beam of light falls normally on the first face of a prism of s mall angle 
and undergoes a deviation of 1° 15' in passing through the prism. The part of 
the beam which is reflected' internally at the second face and emerges again at the 
first face makes an angle of 6° 31' with the incident beam. Calculate the angle 


of the prism and the refractive index of the glass. 


(Camb 


y. ^ small ooject is viewed normally through a parallel faced slab of trans- 
parent material of refractive index /x and thickness t. Find the apparent displace- 
ment of the object. 

The base of a tank is a horizontal plate of glass 5 cm. thick of refractive index 
1-6. On this IS a layer of liquid of refractive index 1*5 and of thickness 10 cm. 
and on this liquid floats a layer of water 10 cm. thick of refractive index 4/3. An 
observer looking vertically downwards observes a spot on the lower side of the 
base. What is the apparent position of the spot ? 

W hat would be the difference if the observer’s eye were under the surface of 
the water (Camb. Schol.) 

10, Lfight passes through the two equal faces of an isosceles prism and after 
emergence is incident on a mirror fixed to the base of the prism but extending 
beyond it. Shov/ that the angle of minimum deviation is independent of the 
wave-length of the incident light and find its value. (Oxford Schol.) 

i 1 . Find an expression for the apparent movement of an object wheyi a parallel- 
sided Plate of refracting materi^ is inserted between the object and the eye, the 
faces of the plate being perpendicular to the line of vision. 

Ii)e^..rAbe some practical method based on this phenomenon of determining the 
refractive index of a solid. (O. and C.) 

12. State the conditions under which total reflection takes place. Describe 

how It can be applied in the construction of binoculars, and show that the refractive 
index of the glass must be greater than 1-41 . (Oxford. Schol.) 

13. An air cell consisting of two vertical parallel plates of glass separated by 

an air film can be rotated about a vertical axis in a liquid. Explain how you would 
use the apparatus to measure the refractive index of the liquid, and prove any 
formulse you would use. (Camb. Schol.) 

paraliei-sided plates of glass are cemented together so as to enclose 
a thin fil*^ of ait. Show that if the system is immersed in water, a ray of light will 
cease to be transixiitted when its angle of incidence on the first glass surface is 
greater than the critical angle between water and air. 

, How can the principle oi total reflection be applied to determine the refractive 
index of a solid ? (q ) 

^5. If the refractive indices of water and glass are 4/3 and 1-5 respectively, 
find the critical angle for a glass water interface. 

Describe a method, depending on the determination of the critical angle, of 
measuring the refractive index of a liquid. (O. and C.) 

I 16. Oive an explanation of the phenomenon of total reflection. 

A ray of light travelling in a liquid is incident at the surface at the critical angle. 

A piece of plane parallel glass is placed in contact with the surface of the liquid 

ai*id parallel to it. Show that the ray is incident on the glass air interface at the 
critical angle. 

Describe a method of determining the refractive index of a liquid by the applica- 
tion of total reflection. c.) 

^7. What is meant by critical angle in relation to refractive media? Describe 
careful^ any experiment for the determination of the refractive index of a medium 
ironri obseiwations on critical angles. A parallel beam of light from a cadmium 

^ surface separating flint glass from air, passing first . 

.rough the flint glass. Describe carclully what happens as the angle of incidence 
increases from 30^" to 40^. 

Refractive index of flint glass for cadmium red light = 1*645 

Refractive index of flint glass for cadmium blue light = 1*665 


{London^ 
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18. Give a statement of Fermat’s Principle of Least Time and deduce the 

fundamental laws of reflection and refraction, {London B.Sc.) 

19. Prove that when a beam of light is reflected from a rotating plane mirror, 
the angle turned through by the beam is twice that turned through by the mirror. 

Explain fully how this fact is utilised (a) in the sextant, (b) in mcast^g, by 
an optical method, the refracting angle of a prism. Give diagram to illustrate 
each case. {N.U.y.B.) 

20. State and explain Fermat’s Principle of Least Time and use it to deduce 

the laws of reflection and refraction. Under what circumstances should the 
principle be replaced by one of maximum time ? {Tripos, Part I.) 
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Chapter II 

REFRACTION AT CURVED SURFACES 

7. INTRODUCTORY 

Having established the two laws or axioms obeyed by rays of light, 
we now proceed to a logical deduction of their consequences. To put 
it in another way, \ve shall build up the theorems of geometrical optics. 
We shall deal with refraction at curved surfaces in the first place, partly 
because, as we have already seen, reflection is a particular case of refraction 
when n=~l, and so w'e may hope to get the theorems concerning reflec- 
tion by making this simple substitution in the formulas representing 
those of refraction ; also refraction at curved surfaces may lead on to an 
understanding of lenses, which are more important than mirrors. We 
shall discuss spherical surfaces almost exclusively. It is natural to begin 
with these, Irecause the sphere is the simplest surface there is, and so 
the results are likely to be easy to obtain and simple to interpret. But 
there is another reason for this choice. While we hope to find that our 
theorems are of interest in themselves, we shall also expect to be able to 
interpret with their aid the known behaviour of lenses, mirrors, and 
their combinations, such as telescopes and microscopes. And incidentally 
it is of interest that cur^/ed mirrors in the shape of polished metal surfaces 
and lenses in the form of a bottle of water were known and their simple 
properties had been elucidated before any theoretical interpretation 
was attempted. Now mirrors and the surfaces of lenses are nearly always 
spherical, since this is the only surface which can be accurately manu- 
factured, so it is natural to begin by studying the effect of such surfaces 
on rays of light. This is one of the few cases in scientific investigation 
where the case of greatest practical importance is the one which lends 
itself to the simplest mathematical interpretation. We shall first extend 
Snell’s law to refraction between any two media in order to give our 
results a more general validity. 

8. REFRACTION BETWEEN ANY TWO MEDIA 

If a ray of light AB is incident on a plane surface separating two media 
of refractive index rti and W2 ^)» ray in the second medium BC 

will bend towards the normal if «2 is greater than If measurements 
are made of the angles of inclination /| and iri the two media over a 
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8 uital>le range, it is found that the results satisfy the following law : 

sin 1*1 n2 
sin 1*2 

which may be put in the more sym- 
metrical form 

sin 1*1 = n2 sin 1*2 . . ( 1 ) 

We shall always use this form of the law 
of refraction in what follows and it is to 
be emphasised that it is based on experi- 
mental fact and that it is a more general 
form of the law of refraction than Snell’s 
law. Indeed, it reduces to that law, if 
the first medium is assumed to be air, when ni = l and equation ( 1 ) 
reduces to the ordinary statement of the Snell’s law. 

9. REFRACTION AT A SINGLE SPHERICAL SURFACE 

Case I. A convex surface producing a real image of a real object. 

Let A be a point object in a medium of refractive index n, separated 
from one of refractive index n2 by a spherical surface of centre 

C radius c (Fig. 7 ). Let the line AC cut the surface at O, called the pole 
of the surface, the line CO being its axis. We will investigate whether 




forms 


- ® licit, ii DC. 

Draw any ray AD from A cutting the surface at D and let the ray in the 
second medium cut the axis at B. We have to see if the position of B is 
independent of the angle between AD and the axis of the surface Now 
the area of A ADB=area of A ADC-j-area of A CDB. 

If AD=/» and BD=^ 

\pq sin {ii-i2)-=\pc sin fj-f | qc sin 
Pq (sin *1 cos I2— cos iy sin 12)— pc sin sin 


By the law of refraction. 


Til sin 1*1 = n2 sir' *2 
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Bliminating from these two equations, we have 


Tty , 

pq\ — sin 12 cos * 2 — cos ij 


. . 

ii sin t 2 1 


pc — Sin sin i2 

^1 


pq{n 2 cos 1 * 2 “ ^1 h)^P^ ^ ”i 


Dividing 


«2 , «i 
— 

? i> 


n2 CO& f2“^l COSfj 


, . ( 2 ) 


It is not easy to see at a glance from this equation if the position of B is 
independent of the angle which AD makes with the axis, but it does not 
appear likely. We will postpone a definite consideration of this point 
until later. But, ij we restrict ourselves to rays which make only a small 
angle with the axis, we have cos jj— cos *2—1 p—a and q^b 
(Fig. 7), and equation (2) becomes 


”1 

b a c 


(3) 


It should be emphasised that these angles are not hound to be small; 
indeed, in the case of high-power microscopic objectives, for example, 
the rays from the object striking the edge of the objective make large 
angles with the axis. We have merely made this restriction in order to 
get a simple mathematical expression, which we can easily interpret. 
It remains to be seen if these restrictions are ever realised in practice. 
Rays satisfying this restriction are called paraxial rays. Again it should 
be stressed that the statement cos*j=l is not mathematically true , it 
merely asserts that xj is so small that cos tj differs ffom 1 by a quantity 
less than the experimental error made or allowed in our experiments. 

It follows from equation (3) that, for given values of a, c, n 2 , and «i, 
there is a definite value of b independent of q and therefore of the angle 
which the ray AD makes with the axis of the surface provided it is small. 
I'hat is, all paraxial rays from A in the plane of the diagram pass through 
B after refraction. Since the surface is symmetrical about its axis, it 
follows that the paraxial rays from A in any other plane containing the 
axis will pass through B after refraction. Therefore all paraxi^ rays from 
A pass through B after refraction ; in other words, B is the ^^e of A. 
We must now see if this is true for other positions of the object and for 

concave surfaces. 


Case II. A convex surface producing a virtual image. 

Our problem is just the same in this case, in which we use the same 
notation as before. We have from Fig. 8, 

(area of A ADB=area of A BDC— area of A ADC) 

.*. ^ pq sin (*i — i 2 )=i qc sin * 2 — i pc sin *i 
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Also, by the law of refraction, 

Tti sin i\^n2 sin ii 




Fig. 8. 


From these two equations we have, just as before, 

( "2 . . \ ^ 

- cos J 2 -COS I, j ^qc-pc - 

Pq(n 2 cos cos rti—pc rii 

Hy »2 ^2 cos cos 

p q c 

Therefore, for paraxial rays, 


tty n2 «2“”l 

a b c 



So again we see that the value of b for given values of a, c, ^2, and riy is 
the same for all paraxial rays in th«^ plane of the diagram and by symmetry 
in every plane through the axis of the surface, and so B is the point image 
of the point object A on the axis of the system. It must be emphasised 
that this is only true for rays making small angles with the axis. 


Case III. A concave refracting surface. 

In the same way as in the previous two cases, we have from Fig. 9 , 

area of A ADB=area of A ADC— area of A BDC 

^ sin (*i— *2)=i pc sin ij— ^ qc sin ij. 



Fig. 9. 
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And from the law of refraction and this equation, we have 

pq (n 2 cos iz—ni cos i{)^pc n 2 —qc 

«2 ^2 cos * 2 — Wj cos *1 

or, for paraxial rays, 

n 2 Tty 112— Tlx 

b a c 



As before, then, the concave refracting surface forms a vii^ual point 
image B on its axis of a point object A on its axis, if only paraxial rays are 
allowed to pass through the surface. It is already apparent that some 
definite restrictions wOl have to be placed on actual lenses, for example, 
if they are to conform with the conditions under which our results are 
valid. So we have our first important result, which we shall call theorem 1. 
Theorem 1, Any spherical refracting surface forms a point 
image on its axis of a point object on the axis if the surface is 
stopped down so that only paraxial rays can pass through it. 


10. THE CONVENTION OF SIGNS 

If the results we have obtained as expressed in equations (3), (4), and (5) 
are examined, we see that their form is the same, but that they differ 
just in the matter of the sign prefixed to each term. The present position, 
then, is that we have three equations each applying to its own case and 
each ditlering from the other only in a matter of sign. We cannot be 
satisfied v/ith such a clumsy set of results, the reason for which is not 
difficult to understand and will show us how to express them in a more 
elegant form. Our equations are expressed in distances, which are pure 
numbers without a sign. Therefore we cannot introduce into our equa- 
tion on which side of the pole of the surface the image is situated but 
only its distance away and so we cannot distinguish between a real and a 
virtual image ; so we have to have one equation satisfying the formation 
of real images and one for virtual images. Again, we cannot introduce 
into our equation the difference between a concave and convex surface, 
and so we have to have another equation for concave surfaces. If we 
express our equation in such quantities that we can distinguish between 
real and virtual images, convex and concave surfaces, we should expect 
to get a single equation satisfying all the cases. To put it in another 
way, only if we introduce all the physical conditions into our equation 
can we expect to get a complete solution of the problem from it. One 
way of doing this is to express our equations in terms of the position or 
co-ordinate of the object, image, and centre of curvature of the surface. 
Since these points are all on the axis of the surface, we can specify their 
position by giving their distance from the pole of the surface and pre- 
fixing a sign to that distance to indicate on which side of the pole the 
point is situated. A number of different conventions to determine this 
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sign have been used in the past and scnne confusion has thereby been 
produced, but we shall use in this book one of two conventions recom- 
mended by a recent committee appointed by the Physical Society of 
London to consider the teaching of Geometrical Optics. Taking the 
pole of the refracting surface as the origin, distances measured in the 
same direction as the initial direction of the light will be counted positive 
and those measured in the opposite direction will be coimted negative. 
On this convention, it will be seen that the position of the object in all 
the above cases is — a units, since it is a units from the origin in the 
opposite direction to that in which the light is travelling. This will be 
the case whether the incident light goes from left to right or right to left. 
In this book we shall always draw the incident light from left to right so 
that this convention also agrees with the usual co-ordinate geometry 
convention for co-ordinates or positions. Again, the position of the centre 
of curvature of the convex surface considered above is -1-c, whereas that of 
the concave surface is —c. We now define the radius of curvature of a 
surface as the position of its centre of curvature relative to its pole and so 
its complete specification involves a sign as well as a magnitude. Finally 
the position of the real image, considered above, is -\-b, while that of the 
virtual image is —4, so we can distinguish between real and virtual images. 

Let us now rearrange equations (3), (4), and (5) to be in terms of 
positions instead of distances. Throughout this book, to avoid confusion, 
the letters m, v, r, and / will be used to denote the position of the object, 
image, centre of curvature, and focus of a system, while a, A, c, and d 
will be used to denote their distance from the origin. 

For Case I, wd have u——a, r=-4-r. 

.'. a=—u, b=iv, and c=r. 

Substituting these values of a, b, and c in equation (3), we have 


ft! n^_ n2—ni 

V u r 



For Case II, we have u——a^ r=-\-c. 

Substituting the values of a, b, and c from these equations in equation 
(4), we have again 

rii 

— u — V r 



”2 ni^ n2-ni 
V u r 


For Case III, we have u——a, v=—b, r= — c, and substituting these 
values of a, b, and c in equation (5), we have once more 


7*2 ^2~”l 

—V —u —r 


^2 Wj ^2”^! 


or 
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refraction at one spherical surface are satisfied 


A ^ 

equation and the data given. 




unknown quantity 


The use of this so-called convention of signs sometimes presents 
difficulties to the student, so it will be further illustrated by an actual 
example. Suppose a beam of rays parallel to the axis falls on a conv« 
lens made of glass of refractive index 1*5, the radius of curvature of each 
face of Che lens being 20 cm. Find at what point on the ^s of the 
the paraxial rays will come to a focus, assuming that the lens is of negligible 
thickness and is situated in air. For the first surface of the lens, we have 


n2=^l‘S, 

equation (6) 


20, ti 


CO 


find 


1-5 


1 


V 


00 


1-5-1 

+20 


# t 


1J_0;5 

V 20 


V 


+ 6o cm. 


Notice that when substituting in the general equation we do not give ©a 

1r«n rkxxrn niKUlTITV^ 


sign, as we do to u and r. 


unknown 

Some 
and r 


h?s both magnitude and sign and the equation will give both, 
readers make the mistake of inserting the sign for v as well as for 
and then they wonder why the equation does not give the po^ect sign . 

It should be evident that this is wrong if v is the unknown ; if it is 

both its sign and magnitude are unknown and the equation will give both. 

So we see that the rays, after entering the first lens are 
object, since the _ rays never reach it, suffering “r 


second surface of the lens before they can do so. ,h,Vkness 

1-5, n 2 =l. k= + 60 cm. as the lens is of negligible thickness, 

20 cm. 


r~ 


To find V, we have 


1 1-5 1-1-5 


+ 60 


20 


£;= +20 cm. 


So the paraxial rays of the beam come to a focus 20 cm._ from the centre 
If the iL on the opposite side from that at which the h^t sUrt^. I ^ 

rowing finite "Angles with the axis will come to a focus, if indeed they 

'Tmay' Efalt^U to ^^d one further point about the convem^f 
signs. There is no necessity to use it ; the altemstive is to use a differen 
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e. But the one equation 


equation for each different case 
very similar equatk)^ applies 
relating to positions embraces 


i conditions of every case 

nd^satisfies them all, and it is more elcSant and simpler to use this 
on^Si^tion and for that reason we shall, in future, express our final 




terms of positions. Accordingly we shall 
)ns for rays making any angle with the axis in positions 

can verify that it becomes in every case 


cos 


112 n2 cos »2 

■■ ' '■ • • # • • 

q p T 

if q and p are given signs in accordance with the above convention. 


(7) 


11. INTERPRETATION OF THE RESULTS 

Let us now look at some of the more interesting consequences of 
equation (6). If we start with convex surfaces, we may put r= ; 
putting OD, and the corresponding value of v—fi, 

n2 yt2 — ”1 

fi ^ 




C 1*2 
«2-”l 


Fig. 10. 



So we see that all rays parallel to the axis of the surface come to a focus 


at a point F2 distant 


c Til 


«2-«i 


from the pole of the surface (Fig. 10). This 


is called the second principal focus of the surface and the second focal 
length, /2, is its position relative to the pole of the surface. Again, 
if the object is so placed that the rays from it are all parallel to the axis 
of the surface after refraction, the object is at the first principal focus 
of the surface Fj and its position relative to the pole is called the first 
focal length, /j. 


«2 


+ 00 /i 


«j n2~”i 


+ c 




/i - - 


«2-«l 
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c 

So the’ first principal focus of a convex surfa^ 0 


units from 

th? pole on the same sidej^ that from which the incident light started 



(Fig. 11). Notice that /i=h /2 




If w = 




C 


t t 


n 


V 


Hi n2—ni 


a 


n-i ^2 — rii til 


o % 


V 


a 


There are two cases of interest. If a is greater than the numerical value 


of f\. then is less than 


712 


a 


yx 

— and so v is positive ; that is, if a point 


object )G further from the surface than the first principal focus, the surface 
produces a real image of it. Conversely, if the object is inside the principal 
focus, tiien a is less than the numerical value of /j and so v is negative 
arsd the surface forms a virtual image of the object (Fig. 12). 





Fig. 12. 


The case of the concave surface can be treated along similar lines. 
Here we have r= — c and when u— — oo, 


”2 « 2 — 
V — oo —c 


n-y c 

v~ 

^2— Wi 

In other words, if a beam of rays parallel to the axis strikes the surface. 
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they appear after refraction to diverge from a point F 2 on the axis a 
distance from tffi pole of the surface (Fig. 13). This point is the 



Fig. 13, 

second principal focus of the surface, its position relative to the pole 
being the second focal length, /j. In the same way, if v= + oo. 


1*2 

+ 00 u~ —c 


tt=+ 


fli c 




nj c 

and so if a beam of rays is converging to a point F^ distant 

”2“”l 


from 


the pole of the surface on the opposite side to that from which the light 
is coming, it is rendered parallel to the axis after refraction (Fig. 14). 



Fig. 14. 


The point to which the rays converge before refraction is called the first 
principal focus of the surface and its position relative to the pole the first 
focal length, /|. Lastly, if u=—a, where a may have any value. 


n2_^i ”2—”! 

Vi —a —c 



n^-nx 



So V must be negative, which means that a concave refracting surface 
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must form a virtual image of a real object. But if we have a virtual 
object at A, then u=-\-a and in this case, if a is less than the numerical 
value of/i, a real image is formed at B, as the reader should deduce for 
himself (Fig. IS). We may conclude this account of the properties of 
spherical refracting surfaces by a reference to two points of importance. 
In all the diagrams in wliich the formation of an image is illustrated, only 
two rays are drawn from the object and shown passing through or appear- 
ing to diverge from the image. This is merely done for the sake of 
simplicity and is justihed because our analysis proves that all paraxial 
rays from a point object on the axis do pass through one point also on the 
axis after refraction. It cannot be too strongly emphasised that the 
hnding of the point vhere two rays from the object meet after passing 
through an optical sysleni does not locate the image of that obiect formed 



by that system, for it does not prove that a point image has been formed 


at all 


i G do this, it is necessar}*^ to show that all the rays from the object 
passiDg through the given system pass through the same point (or appear 
to diverge from the same point) on emerging from the system. Secondly, 
vee cannot remind ourselves too often that the conclusions we have 
reached are only true for paraxial rays, and so we are really dealing with 
an ideally simple type of surface ; we have definitely restricted ourselves 
to this abstract type of surface to start with ; we will see how far actual 
systems approximate to our abstract system later and then we can decide 
if we have to investigate systems approximating more closely to those 
used in practice. 

So far, then, we have proved from the law of refraction that a spherical 
refracting surface forms a point image of a point object on its axis if only 
paraxial rays are allowed to pass through the surface. Our second theorem 
follows at once. 

Theorem 2. Any number of co-axial spherical refracting sur- 
faces form a point image of a point object on the axis. 


12. OBJECTS OF FINITE SIZE 


We have seen that our analysis only applies to an abstract system, 
which means a system which cannot be realised in practice owing to 
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certain restrictions or qualifications which are specified in order that 
it shall have ideally simple properties. Other examples of aUtract 
conceptions are the point in geometry, something which has no dimra- 
sions but only position ; it is impossible to make a point or to perceive 
a point by the senses, but it is possible to think of a point or to -irnagine 
one. It is this impossibility of making but possibility of imagining or 
thinking of a concept which makes it abstract. Another example is the 
ideal gas in physical science ; it is impossible to realise it in practice, 
but we can think of it and even specify its properties. Now let us turn 
to the nature of the object itself. We have so far only considered a point, 
which, as we have just seen, cannot be realised in practice. But we can 
analyse an object of finite size into a series of points and what will a 
spherical refracting surface do to such an object ? Let A be a point 
object on the axis and B be its real image formed by a convex spherical 
surface (Fig. 16). Let the whole diagram be rotated through a small 



Fig. 16. 


angle about the centre of curvature C of the surface ; the point object A 
becomes a small arc of a circle AA' and the point image B an arc BB', 
and it is evident that B' is the image of A'. For, if u—- 


and r= 4-CO satisfy the equation 


712 «! «2-«l 




U 


AO, V 


, then so must u 


BO, 
A'O', 


t;=-B'0', r= + CO' since A0=A'0', B0 = B'0', and CO=CO'. 
It follows at once that the arc BB' is the image of the arc A.\'. If the 
angle of rotation is small, as it must be since we are restricted to paraxial 
rays, then AA' and BB' are straight lines normal to the axis of the surface. 
We can now state our third theorem. 


Theorem 3. A spherical refracting surface forms a line image 
normal to the axis of a small line object normal and close to the 
axis and it also forms a plane image normal to the axis of a small 
plane object normal and close to the axis of the system. An 

important corollary of this arises when A' is at infinity, when the rays 
from it form a parallel beam inclined at a small angle to the axis. They 
do not come to a focus at the second principal focus F 2 , but in a plane 
through that point perpendicular to the axis, called the second focal 
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plane. They come 
passing through C 
the plane (Fig. 17). 
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1 the beam 

^ intersects 





'F. 


•t' 


\ 


Fig. 17 


13. THE THIN LENS 

We now proceed to apply the results we have proved for a single 
spherical refracting surface to the analysis of the properties of a lens, 
wriicfi consists of a piece of refracting material, such as glass, whose 
surfaces are portions of spheres. Most lenses are used in air, but for 
generality we shall assume that we are working in a medium of refractive 
index that of the material of the lens being n 2 > (Fig. 18). Let 


o, 









Fig. 18, 


Ti be the radius of curvature of the surface at which the light enters the 
lens and r 2 be that of the surface at which it emerges and u be the position 
relative to Oj of a point object A on the axis of the lens^ which is the 
line joining the centres of curvature of its surfaces. If is the position 


formed 


equation (6) 


^1 u ~ ri 


( 8 ) 


formed by the second surface, we have 


virtual 


«2 




^2 


(9) 
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So we see that there is no simple relation between the position of the 
image and object in the case of a lens of finite thickness. But if t \& negli- 
gible, equation (9) becomes 

«i «2 — ”2 

Adding this to equation (8), we have 

( 10 ) 

V u ^ ‘'Vi rj/ 

4 

This relation, which is only true for paraxial rays, enables us to calculate 
the position of the image of a given object formed by a given thin lens, 
as a lens of negligible thickness is called. It should be- noticed that we 
have now imposed yet another limitation, namely, that the distance 
between the two refracting surfaces of the lens is negligible. This so- 
called thin lens has quite simple properties, but it is an abstract lens, 
which cannot be realised in practice. It remains to be seen how close 
actual lenses approximate to it and how useful it will be in interpreting 
their properties. 

From equation (10) we see that, if «= 00 

i; ^ rj/ 

So we have the first important property of a thin lens, which we shall 
call theorem 4. 

4 

Theorem 4. Rays parallel to the axis of a lens all pass through 
the same point on its axis after emerging from the lens. This 
point is called its second principal focus F 2 and its position relative 
to the centre of the lens is the focal length,/. The centre of the lens 

is the point at which the axis of the lens intersects the lens itself ; it is 
the centre of its circular outline. 



In the same way, the first principal focus of the lens Fi is a point on its 
axis such that rays from it emerge from the lens parallel to its axis. Its 
position relative to the centre of the lens is denoted by/j and so 



We see that /= —f ; this is because the media on the two sides of the 
lens are the same. Since the second principal focus of a lens is the more 
important of the two and the more frequently used, we shall usually call 




A 
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it the focus for the sake of brevity. We 
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both foci are being referred to. 




1 




/ 




From equations (10) and (11) we have 

1 __ 1_1 
V u~~ f 

which is the fundamental eauation safii 


1-i 


(II) 


( 12 ) 


drawn for a com 
all been written 




1 

I 


\ 


I ! 

I 

r 

/ 




Convex 





Convex 

Meniscus 



Concave 


Jidg. 19. 


Plano- Concave Concave 

Meniscus 


terms of popitiong and are therefore valid for any type 



all cases 



Fig. 20. 


types of thin lens illustrated .in Fig. 1 9. He should verify for himself 
rom equation (11) that the first three types, convex, plano-conyex, and 



Fig. 21. 


convex meniscus, are converging lenses ; that is, they change a beam 
ot rays parallel to the axis into a converging beam (Fig. 20). Whereas 
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the remaining three types, concave, plano-concave, and concave meniscus, 
are diver^in^ lenses ; that is, they change a beam of rays parallel to 
the adrift into a divei^ing beam (Fig. 21). The focal length of a mn- 
verging lens is always positive, while that of a diverging lens is n^ative ; 
this convention agrees with that used by practical optician, such as 

spectacle makers and lens designers. 



Fig. 22. 


Let the rays be converging towards a virtual object at A on the axis 
of a converging lens (Fig. 22) and let B be the real image of this virtual 
object. The positions of A and B are related by equation (12). Let 
A tend to O ; then u->o ; it follows from equation (12) Aat o->o. There- 
fore (tt— v)-H> and a-x). That is, when the virtual object is at the centre 
of the lens, so is its real image and the rays forming it are undeviated 
(Fig. 23). So we have the second important property of a thin lens. 



Theorem 5. All paraxial rays passing through the centre of a 
thin lens are un deviated. 

Since a thin lens is just two co-axial single refracting surfaces acting 
in succession, it follows from Theorem 3 that such a lens forms a sharp 
plane image normal to the axis of small ^lane objects normal and close 



Fig. 24. 


to the axis. So if AA' is a small line object normal to the axis of a thin 
lens (Fig. 24), its image BB' is found by calculating the position of B 
from equation (12), B' being al such a distance vertically below B that 
A'OR' is a straight line. If AA tends to infinity while the / AO A' 


or « 
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remains constant, the beam of rays from A' tends to a parallel beam 
an angle a to the axis of the lens. ^ 


tends to FF' (Fig. 25), a line in the focal plane of the lens'^Wh 

plane throuorh its fr»r«iio . . * which IS a 


normal 


F' is the point of inter- 
and 


beam of rays inclined at a small angle to the axis of a thiii 


ens comes to a focus at that point in the focal plane of the lens wh^ 
the rav in a.i i .1 . ^ wnere 


• 1 , uiaiic 01 me lens whprp 

he ray in the beam passing through the centre of the lens intersects 
the focal olane. Tt fnllowo ..i. ... - mersects 


the focal plane. It follows front the law of the ^e^; 



u 




r" — 


Fig. 25. 


that the rays from a point object in the first focal plane of a lens emerge 
as a parallel beam mcimed at the same angle to the axis as the ray from 
the point object going through the centre of the lens undeviated. 

^5 0 far, then, we have deduced the following results for the effect of 
our abstract thin lens on pcirdxiHl rays r 

( 1 ) There are two kinds of lens, converging and diverging, 

(2) Rays parallel to the axis of a lens pass through or appear to diverge 
. rom a point on its axis called the focus of the lens. 

focus relative to the centre of the lens is 

called its focal length and depends on the nature of the material of the 
lens and its form. 

(4) All rays parsing through the centre of a lens are not deviated. 

(5) A lens forms a sharp plane image of small plane objects normal 
and close to its axis. 


14. THE PROPERTIES OF THIN LENSES 

We shall now deduce a few simple properties of thin lenses, using 
bom the fundamental equation and a simple graphical method. 

Converging lens : Case I : A real object further from the lens 
than twice its focal length. 

If /=+</, and «=— a, we have from equation (12) 

111 
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cc +rf<txC4-2</, so a real ima 

focus and a point twice the focal length 


can verify this result and obtain the other properties of the image 


constructing the image 


already proved 


does form a line image perpendicular to the axis of a line object close and 
perpendicular to the axis, we only need to find where two rays from one 
point on the object cross after emerging from the lens in order to locate the 
image of the line. If AA' is the object, draw a ray A'D parallel to the axis 
of the lens, which passes through the focus F after emerging from the lens 
(Fig. 26) ; then draw the ray A'O passing through the centre of the 



lens which goes straight on. These two rays intersect at B which is there- 
fore the image of A' and if B'B is drawn at right angles to the axis of the 
lens to cut it at B, then BB' is the image of AA'. It is an interesting 

exercise for the reader to prove the thin lens formula ^ ^ ^ from this 

V n f 

figure ; it follows at once from the fact that the two pairs of triangicp. 

AOA', BOB' and DOF, B'BF are similar. The diagram shows that the 

image is real, inverted, and diminished. It also gives us the magnirtcation 

r 1-1 , . , • . ^ , the length of the image 

of a thin lens, which is defined as — ~r — . So the mac- 

the length of the object 

nification, m, is given by 


BB' OB 


m 


AA' OA 


If m is treated as a quantity having sign as well as magnitude and is 
defined as positive when the image is erect, we have 




The results of the remaining cases of interest for both converging and 
diverging lenses are given in Table 1, and the reader should verify tlicrn 
both from the equation and by drawing. In particular, he should satisfy 
himself that the above equation gives the correct value not only for tlic 
magnitude but also for the sign of the magnification in each case. Fig. 27 
is the drawing illustrating the real image formed by a diverging lens of a 

virtual object inside its focus. The reader should notice the symmetry 

3 
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Text 






m 


shown, for example,, by 


9 _ 


T ■ 




■ 


»- .‘t 


4 


We may conclude this deduction of the properties 


Virtual object., iri ai^ 
any position. 


diagrams 



larg 


angles with the axis of the lens or refracting system, the position of the 

images loiind is only true for -baraxial ravs. 


Indeed we do not yet know 


Table 1. 


xNatutL or i ent . j NaOiie and Position of Object. Nature and Position of Image. 




f 


verging. 


Reyl and outside 2/. 


Converging. 


Rea) and at 2/. 


Converging. 


Real and between 2j and /. 


Converging. 


Real and inside the focus. 


Converging. 


Virtual in any position. 


Real, inverted, diminished, and 
between /and 2/. 

Real, inverted, the same size as 
the object, and at 2/. 

Real, inverted, magnified, and 
outside 2/, 

Virtual, erect, magnified, and 
further from the lens than the 
object. 

Real, erect, diminished, and 
inside the focus. 


Diverging. 


Diverging. 


Diverging. 


Real in any position. 


Virtual outside the focus. 


Virtual inside the focus. 


Virtual, erect, diminished,^ and 
inside the focus. 

Virtual, inverted, and outside 
the focus. 

Real, erect, magnified, and 
further from the lens than 
the object. 


formed 


sharp 


image is formed under paraxial restrictions it is probable that it will not 

be formed \viien those restrictions arc removed, but we will investigate 
this point later. 
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15. EXPERIMENTAL VERIFICATION OF THE THEOREMS 
CONCERNING A THIN LENS 


The theorems concerning a thin lens are all logical deductions fro.m 
the law of refraction expressed by equation (1), which is based on experi- 
mental fact, therefore the theorems must be true, unless there is a flaw 
in our arguments somewhere. There is nq question of any hypothesis 
or guess here ; we have adhered to strict logic throughout. So the 
reader may wonder what point there is in comparing our results with 
experience. The point is this : our theorems are true only for the 
idealised thin lens, which cannot be realised in practice. They will only 
be useful in interpreting the behaviour of optical instruments and thereby 
improving them, if actual lenses do show some close approximation to 
the thin lens, and that is the point we are really going to test. We shall 
not describe the tests fully as they will be familiar to most students and 
they can be found in the elementary text-books on Light. We will take 
first of all the simple properties of the thin lens summarised at the end of 
Art. 13. If a parallel beam of rays is produced in a smoke-box and a 
convex lens is placed in its path with its axis parallel to the beam, it is 
found that all the rays do pass through a point on the axis after emerging 
from the lens. The same result is true of a plano-convex lens and a convex 
meniscus, thus proving our classification of these three lenses as con- 
verging to be correct. If the focus of the rays is examined, it will be found 
that it is not a geometrical point but a small patch of finite area and that 


the area of this patch decreases if the lens is stopped down by an iris 
diaphragm. This result suggests that the patch of finite area is due to the 
rays striking the edge of the lens having a finite angle of incidence ; that 
is, they do not satisfy paraxial conditions. But the more nearly these 
conditions are satisfied, fhe more nearly does the result agree with our 
prediction. It can be shown with the same apparatus that rays passing 
through the centre of any lens are undeviated, if they do not make too 
large an angle with the axis. This result is only approximate, of course, 
since the rays usually produced in a smoke-box have a finite width, 
which would mask any small deviation. Finally, it is well known that 
lenses of all classes do produce sharp plane images of small plane objects 
near to the axis, as can easily be proved by casting the image of a small 
illuminated gauze on a screen with a lens. It is well to have a fairly large 
gauze and then it can be seen that the outer portions of the image are not 
in focus when the central portion is, which is what we expect from our 
results, which only apply to small objects. With this same arrangement, 
we can also verify all the properties of thin lenses set out in Table 1. In 
fact, some of those cases have very common practical applications. The 
real inverted diminished image produced by a converging lens of a 
istant object is used in the camera ; the real, inverted, magnified image 
produced by a converging lens of an object just outside its focus is used 
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in the projection lens of a cinematograph or epidiascope. But it is obvious 
already that a single lens would be no use in these cases, as the edges of 
the images would be badly out of focus, since the rays to them are by no 
means paraxial, so we shall have to investigate the case of rays at a jfinite 
angle to the axis of the lens. The virtual, erect, magnified image pro- 
duced by a converging lens of an object inside its focus is exemplified in 
the simple magnifying glass and the virtual, erect, diminished image 
of any object produced by a diverging lens is familiar to short-sighted 
persons who wear spectacles made of concave lenses. So we see that 
our theorems are ail verified by experiments of a qualitative kind, and 

the re^ider will carry out for himself experiments to verify the quantitative 

relation which is true for all lenses 

V u~~‘f 

and he will be able to see for himself to what extent this is satisfied by 
actual lenses. Table 2 is a typical set of results obtained in an experiment 
of this kind, and the surprising thing is that actual lenses, \diose thickness 


Table 2 

A LENS EXPERIMENT 

Diameter of lens ; 4 0 cm. ; thickness 0-3 cm. 



can by no stretch of imagination be called negligible, do satisfy it to an 
accuracy of 1 in 700, So our abstract thin lens is going to be a very useful 
tool in the analysis of actual optical instruments, and we shall illustrate 
its use in connection with the projection lantern. 

16. THE CALCULATION OF THE FOCAL LENGTH OF THE 
LENS OF A PROJECTION LANTERN 

The purpose of a projection lantern is to throw a magnified image of 
a lantern slide on to a screen some distance from the lantern. The image 
must be large enough to be visible from all parts of the room and its size 
therefore depends on the size of the room itself. It is evident from our 
theory of the thin lens that a converging lens will be required for the 
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purpose, and we shall now proceed to calculate the focal length of the 
lens suitable for a particular case. Let us suppose that the lantern is 
to be used in a room some 30 ft. square and that it is required to put the 
lantern so that the slide is 25 ft. from the screen, and that a picture 6 ft. 
square is to be produced from a slide of standard size, 3^ in. square. 
Using the usual notation we have the following two simultaneous equations 
in a and b, which are the distances of the object and image respectively 

from the lens : 

<i*4"^~300 
b 72 
a“3*25 


whence 6=287 and a=13-0. 

Now for a thin lens 


1 1_1 
V u f 


and remembering that u and v represent positions we have in this 
case u= — 13*0 and o=+287. Substituting these values in the above 
equation, we get 

/= + 12-4in. 

From the equation 

we can calculate values of and r 2 when we have settled the material of 
which the lens is to be made and so we can send in the specification of 
the lens we require to the firm which is to make the lantern. We know 
that they cannot make us a thin lens, but we know that the lens they will 
make is so near in its behaviour to the above thin lens that it will do its 
work satisfactorily. The reader will notice that the values of rj and r 2 are 
not uniquely specified ; that is, there are an infinite number of pairs of 
values of rj and r 2 which will satisfy our requirements, and so this leaves 
us some latitude if any further demands should be made upon us when 
we come to consider rays making finite angles with the axis or the elimina- 
tion of colour effects. 

We may also need to use the lantern at a distance of 10 ft. from the 
screen to enable the lecturer to operate it himself. The reader should 
work out the focal length of the lens needed to give the same size picture 
as before. He will find that it comes to 5*0 in. We see that we need a 
more powerful lens to produce the same magnification in a smaller 
distance, which is just what we should expect. This simple application 
of the theory of the thin lens to a practical problem in the choice of 
lenses for lantern or cinematograph projection is a good example of the 
scientific method of approaching a problem Before the theory of lenses 
was known, this problem could only be solved by the method of trial 
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calculated 


focal 


found 


-I . « t t vilcurv or ifi 

It IS true— and this is nearly always the case— that our theoretical 


can 


appiuAimaiing so closely to it that our prediction is of real 
use to h.m We shall return to a consideration of this pr^L a^r^ 

have considered the defects of the image produced by a single lens. 


iv. lens as a set of prisms 

It is instructive to consider another way of looking at the lens, which 
IS illustrated in Fig. 28, m which a ray of light enters a convex lens at E 

A and leaves it at F. If BE and CF, 

u tangent planes to the surface of the 

lens at E and F respectively, meet at A 
F behaves just as if jt was passing 

// \ through the prism ABC. A moment’s 


‘IS* 


/ 


- - - - IC 


through the prism ABC. 
consideration will show 


that the 


V 

Fig. 28. 


greater the distance from the axis at 
which the ray passes through the lens, 
the greater the angle a of this equiva- 
lent prism. So a convex lens may be 
replaced by a set of prisms with 


replaced by a set of prisms 
lo the axis of the lens and of gra 
from the axis. We shall now est 


increasing angle as we go outwards from the axis. We shall now establish 

the fundamental equation for paraxial rays passing through a thin lens on 
this basis. 


Q 


0?^ 




We 


Fig. 29. 


normal incidence through a prism of small angle 


\ • 
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m for paraxial rays. If PQRS is a ray passing through the 

prism ABC of angle a producing a deviation 8, QN and RN being the 
normals to AB and AC respectively, we have (Fig. 29) 

8 = Z.TQR+ zlTRQ 
=(<'i— ■2)+(«V-^') 

Jf the incidence is nearly normal, all these angles are small and so the 
law of refraction may be written 


8=^V2+*'2')-fe+«2') 

8=g-l)(.2+.2') 

But ZlQNR=a, since AQNR is a cyclic quadrilateral. 



independent of the angle of incidence. 



Fig. 30. 


Consider a ray EP parallel to the axis of a lens at a distance h from it 
and let it cut the axis at F after emergence (Fig. 30). Then the deviation, 
5, produced by the lens is given by 




Now consider a ray AP (Fig. 31) making a small angle a with the axis ; 
it must also be deviated through an angle 8, since it strikes the lens at 
the same distance h from the axis as the ray EP and the deviation produced 
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by the prism equivalent to this zone of the lens is independent of the angle 
of incidence. Let the emergent ray PB cut the axis at B. Then we have 


S 




Since all the angles are small, as we are dealing only with paraxial rays, 


h 

d 


h h 

'a^b 


1 




1 1 _ 
b~^ a d 


( 15 ) 


We must now show that this equation is true for any value, of h. If 
of-i IS the angle made by the first face of the equivalent prism at P with 
a plane normal to the axis of the lens, then is equal to the angle between 
the normal to the first face and the axis of the lens. 

h 


» # 


ai = -, 


where Cj — the miroefical value of the radius of curvature of the surface 


at which the hght enters the lens. If a 2 is the 
the second face of the equivalent prism, then 


angle 


^2 


h 

Cl 


tviierc t'2— ine numerical value of the radius of curvature 6f the surface 


at which the lifiht leaves the lens. 


Therelore a, the angle of the equivalent prism, is given by 


a=ai4-a2==/? 


8 


«2 


1 la 


1 1 

- d — 

u ^2 

«2 


n 


n 


1 


1 lAli-h- 

Cx Cl 


also 




1__S 

d~'h 

1 
~d 


«2 


1 


n 


1 



1 1 
f-" 

Cl C2 


and is independent of h. This equation together with equation (15) 
shows that all paraxial rays from A pass through B after emerging from 
the lens ; in other words, B is the image of A. Finally, if we express our 
results in positions instead of distances, we have 


l^l_l 

V u f 

1 

/ 

the standard equations for a lens. 


and 



I 



2^ 

^2 


Refraction at Curved Surfaces 4* 

The value o£ this method of looking at a lens is that it ^rives ^e 
standard relation from the point of view of the lens as a device for bending 
rays either towards or away from the axis and from it eme^ the valuable 
property that the bending produced by a given rone of the lens is the 
8^ whatever the angle at which the incident ray strikes it, protnded 
only that it is small. The reader will find it interesting to denve from 

this constant deviation how the image will move as the obj^ ^ 
from infinity up to and beyond the centre of the lens. It can be applied 

both to converging and diverging lenses. 


18. THE POWER OF A LENS 


We have seen that the real function of a lens is to bend all rays inwards 
or outwards, and so the more powerful a lens the greater the angle through 
which it will bend a ray. Since the deviation is proportional to the 
distance of the ray from the axis of the lens, the rational definition of the 
power of a lens is the deviation it produces in rays at unit distance from 

its centre. 


Now 



S 1 T. 

Power=^=y=P, say. 

So the power of a lens is the reciprocal of its focal length and the 
unit of power is the dioptre, which is the power of a lens of focal length 
1 metre. So the power of a lens in dioptres is given by the reciprocal 

of its focal length expressed in metres. 

The power of a single refracting surface is defined in a similar wary, 
and is the ratio of the refractive index of the second medium to the 
second focal length of the surface. It follows from equation (6) that 


P 


Til 

'/ 2 ~ r 


So the equation for refraction at a single spherical surface 


”2_”l ^^2— 

V u r 



be re-written in the form 



For a thin lens of refractive index n in air we have by putting ;?> = // and 
//i=l in equation (11) 


}=(»-!) 
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Now 


n— 1 
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Pi, the power of the first surface 


and 


1 


n 


P2, the power of the second surface 


If P is the power of the thin lens, 


Finally, if vve 

the reader can 
• ^ 

* V i A ij y 


p-Pi+p 


length /i 

igth, /, o 


1 

X 


ey->] » 

I iiis IS rnosi 




1 1 

/t "hi 

considering 


f 


h'ihvdry .^5, tiie object for the first lens, which produces a real image of 

is treated as a virtual object fot the second lens 


iL at its tcvus ana that 

'i’hv- res'jk can 




any number of 


1111 

■ ■ ■ 

nhere/ is the focal length of the combination and fufzifs 

iocal icngfhs of the individual len 


. . are the 




P — Pj-f. p^-pP^-j- , . ^ 


the iTiachentarfeal expression of theorem 6. 




1 heorem 


number 


component lenses 


19. THE THIN LENS BY FERMAT’S PRINCIPLE 


We have seen that the two fundamental laws of rays of light can be 
expressed in P'ermat’s Principle of Stationary Time (Art. 4), and we shall 
use it to prove the standard relation for a thin lens. If A is a point object 



on the axis of the lens and 11 is its point image, let us consider the two 
rays ADEB and AGB going from A to B (Fig. 32). By Fermat’s principle, 
all the rays take the minimum (or maximum) time and so any two rays 


Refraction at Curved Surfaces 


43 


same time 


inusi la&c uic ^ I X ”T 

media of refractive index «i and nj respectively, we have 


velocitiea of light in the 


AG+GB 




AD+EB_^DE 


But 


£i^«2 
^2 «1 


^2 


Fermat 


/. «i(AG + GB)=ni(AD+EB)+n2DE 

ni{(AH2+GH2y-i-(BH24-GH2)*} 

=ni(AH-HD+BH-HE)+n2DE 

1/ we restrict ourselves to paraxial rays and thin lenses, GH is small 
compared to AH or HB. So we may expand by the binomial theorem 


icglect terms 


/GH\4 /GH\4 , , . , 

1/ \BH/ higher powers. 

GH2\* / GH2^* 





»,(AH+BH)+(»2-(i,XDH+HE) 


f I 


AH 


GH2 

2AH2 


+ 


\ / GH2 

1-}-BH(1 + ;^,+ 


2BH2 



f GH2 

ni| AH + 2^ + BH+ 


ni(AH+BH)+(n 2 -«i)(DH+HE) 

GH2 


n 


1 


0 % 


4- 


n 


1 


AH ■ BH 


=ni(AH+BH)4-(«2-«iXDH+HE) 

2(«2 — « 1 hi E ) 

GH2 


If Cl is the centre.of curvature of the' surface of the lens at which the light 
enters and C 2 that at which it leaves, then 

DH(2DCi--DH)=GH2 

As we are dealing with a thin lens, DH can be neglected compared 

to DCj ; 


Similarly 


n 


• • 


i 


AH 


2DH.DCi = 

=GH2 

2DH 

9 

1 

■ GH2’ 

~DCi 

2HE 

1 

GH2' 

"EC^ 




+ 


1 


EC 


2 
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instead of distances 


V 


from which the equations 



• ( 10 ) 


%T' 


/ 



and 


1 1_1 

V u ~~'f 


follov/ at once. 




)0 


Fermat’s Principle of Stationary Time 


and focus of a thin lens. 


image 


20. astigmatic: lenses 


So far we have confined ourselves exclusively to lenses whose surfaces 


are sph 


symmetrical about the axis 


If 


the incident rays diverge from a point on the axis, the emergent Ws 


and 


We 


discussion 


cylindrical 


a^e cherefore not symmetrical about the axis of the lens. Consequently 


nnerge symmetrical relative 
focus, which is the reason 

crriyua 


Let us consider in the first place a lens both of whose faces are cylindrical 
with the axes parallel to each other and let it be mounted so that the 
axes are vertical. It follows at once that for rays in any horizontal plane 



tne rocai lengin or me lens is given 

/ 

where and r-2, are the radii of curvature of the faces at which the light 
enters and leaves respectively, is the refractive index of the material 
of the lens and n\ that of the medium in which it is immersed, 

Also the focal len^h for rays in any vertical plane is infinity, since for 
such rays the lens' behaves like a plane parallel- sided plate. If, for the 
sake of simplicity, we consider a convex lens of this type, then it will 
be a converging lens for rays in any horizontal plane. If the object is 
a point on the axis of the lens at infinity, the incident pencil consists of 

This will be bent inwards in a hori- 


rays parallel to the axis of the lens, 
zontal direction but will be undeviated in a vertical direction. 


So the 


emergent pencil is wedge shaped instead’ of conical, and it converges 
to a vertical line focus at a distance / from the lens. It is therefore 
an astigmatic pencil. 
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case 


INOW ICI — 1 f V !•« 

which one face is spherical of radius of curvature r, and the “‘“j; 
drical of radius of curvature rj and let the lens be mounted so ^t 


axis of the cylindrical 


has two focal lengths 


one/i for rays in a plane perpendicular to the cylindrical axis given by 



and the other /, , for rays in a plane parallel to the cylindrical axis and 


given by 


/ii 



argument 


faces are conyex, then it will be a converging lens for rays in either of 
the above planes, but the rays will be bent inwards more rapidly in a 
horizontal than in a vertical plane (Figs. 33 & 34). What " ^ 



Fig. 33. 

of this lens on a point object at infinity on the axis of the lens ? Since 
the rays are bent inwards horizontally more rapidly than vertically, the 
beam will come to a vertical line focus first at Fj^ and then to a horizontal 
line focus at Fu. The emergent pencil is therefore an astigmatic beam, 



Fig. 34. 


possessing two line foci, the nearest approach to a point focus being in 
a plane normal to the axis between F^ and F^, on which the circle of 
least confusion is formed. The greater the difference between the focal 
lengths of an astigmatic lens, the greater the distance between the two 
focal lines and the larger the circle of least confusion. 

Since the astigmatic lens forms the focal lines for a point object at 
infinity on its axis, it will do the same thing for a point object on its axis 
at a finite distance away. The arguments which were used in the case 
of the spherical lens can also be applied here to show that the astigmatic 
lens will form focal lines for point objects close to its axis. Therefore 
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and close to the axis 


plane 


t • ^ AAAAMEw xo X v^ci vRCi firi 

a screen at the position of the circle of least confusion. This is the best 


two 


asymmetrical 


^ -**^vv*«xxjr pcipciiuicuiar Planes 

It IS also interesting to consider the formation by such a lens of an image 

of a gauze placed with its wires parallel and perpendicular to the axis of 

the cylindrical surface of the lens, which is still supposed to be vertical. If 

t le image is received on a screen placed to receive the vertical focal line 

then all the vertical lines of the gauze will be sharply in focus while the 

honzcntal lines will be quite out of focus. The reason for this is that each 


forms 


form 


screen. 


forming 


I- , ^ cf oamc 

In the same v/ay each point of a horizontal wire forms a small 
line and these lines combine to form a faint oblong patch on the 
screen with its long side horizontal (Fig. 35). If the screen is now moved 
back s:> as to receive the horizontal focal line, the vertical wires will go 

focus while the horizontal ones will be sharply in focus (Fig. 35). 


out o 


4 horizontal wirw. 


! 1111 


I 
1 

image of adjacent fioints of 
this wire formed on a screen 
at the uert/caf focal line. 




Image of gauze formed 
at vertical focal line. 


I mage of gauze formed 
at horizontal focal tine. 


Fig. 35. 

Somewhere in between the circle of least confusion will be obtained, 
when a slightly blurred image of the vertical and horizontal wires will 
be produced, the best image of the whole gauze which can be obtained. 
The lack of symmetry of an. astigmatic lens is beautifully exemplified 
in iCe property of being able to focus either the vertical wires alone or 
the horizontal ones, but not both together. It is clear that even this 
property is lost if the gauze is not placed with its wires parallel and 
perpendicular to the axis of the cylindrical surface of the lens. 

Astigmatism is a very common fault of the human eye, which often 
has slightly different focal lengths in two planes which are not always 
at right angles to each other. This defect results in a slight loss of 
sharpness of focus ; things cannot be seen as clearly as with the normal 
eye ; it will also happen that a person suffering from astigmatism will 
be able to adjust his eyes so as to focus only the vertical strips of mortar 
in a brick wall or only the horizontal ones but not both sets at once. 
This defect can be remedied by the use of suitable cylindrical lenses, as 
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will be shown later on when dealing with the eye more fully, but enough 


has 


pectacles 


cannot be replaced anyhow, as mere is oniy one po 

frame in which the correction will be properly made 

so far ? From the two 


achieved 


i £ * I > 

axioms 


for rav* of 


theorems 


paraxial rays : 

(1) Any number of co-axial spherical refracting surfaces forms a sharp 

plane image perpendicular to the axis of small plane objects 
perpendicular and near to the axis. 

(2) the equation is true for a thin lens of any material im- 

mersed in any medium. 

(3) The power of a set of thin lenses in contact is equal to the sum of 

the powers of the component lenses. 

(4) These theorems are very useful for the interpretation of the be- 

haviour of actual lenses, for it is found that ordinary lenses obey 
them to an accuracy of less than one per cent, in spite of the 
fact that they have a finite thickness and paraxial conditions are 
not always satisfied. 

Our next problems are quite clear ; we must apply our results to reflec- 
tion, which is a particular case of refraction ; we must then investigate 
the effect of lenses (and mirrors) on rays making a finite angle with the 

axis. 


EX.AMPLES ON CH.\PTER II 


1 . Find an expression relating the position of an object to the position of its 
image as formed in a single spherical refracting surface. 

A distant object is focused on the ground glass screen of a camera when the 
screen is at a distance of 10 cm. from the lens. If the camera is filled with water 
of refractive index 1-3 what will be the new distance of the screen from the lens 
when the object is in focus, assuming that the face of the lens nearest to the screen 
is convex and has a radius of curvature of 20 cm. ? (Camh. SchoL) 


2. A refractir^ system consists of a block of glass with a convex spherical surtacc 
placed in air. Find the position of the principal foci if the radius of the surface 
be r and the refractive index n. (If formulae are used they must be proved.') 

The power of a system is defined to be the angle subtended at the pole by a 
distant object divided by the length of the image. From this definition show 
that the power is {n — \)jr in this case. (Loridon Inter.) 

3. The eye can be regarded as a single spherical refracting surface, the cornea, 
of radius of curvature 7-8 mm., separating media of refractive index 1 00 and I 34 
hind at what distance from the pole of the surface a beam of parallel ravs v 

come to a focus. 

Suppose the eye is now directed at a point object 150 mm. away, what radius 
of curvature will the cornea have to assume in order to foeus the ra>s from this 
object at the same point as the above parallel beani ? Also what radius oi curvature 


ill 
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lerigth ? 


Jens. 


will the cornea have to assume if the eye is to focus a parallel beam at the mtmn 
point as in the above two cases when the eye is under water (refractive index f*3^ 

4. A camera has an equiconvex lens of 10 cm. focal length, the refractive indM: 
being 155. How far must the plate be from the lens to photograph distant obiecte 
under water (refractive index 1*3) when the camera is itself under water and h 

filled with (a) air, (b) water ? Would it make any difference to the result if the 
distant objects were in air instead of under water ? 

5. A point image is formed of a point object on the axis of a set of co>axial 
spherical refracting surfaces. Prove that a displacement of ^e object in a given 
direction along the axis produces a displacement of the image in the same direction. 

6. State and prove the relation connecting the position of the object and the 

image of a lens , 

The image of an object placed 30 cm. from a lens is formed at a point IS cm 
on the opposite side of the lens. What is the type of the lens and what is its focal 
length ? {Oxford Schol.) 

7. A convex lens of focal length 30 cm. produces a real image Which is three 

times the size of the object. At what distances from the lens are the object and 
image situated ? (Oxford JSchol.) 

placed 10 cm. in front of a lens and a plane mirror 20 cm 
behind the lens it is found that an erect image of the pin re formed in the plane 
ot tne pm itseb. Draw a picture showing the rays by which an eye sees the image, 
and calculate the focal length of the lens. (Camb. Schol.) 

9. Deduce an expression for the focal length of a lens in terms of the radii 
ot cajrvatare of its surfaces and th^ refractive index of its material. 

Two narj o%v vertical slits are in a plane perpendicular to the axis of a converging 
lens. The kr s produces real images of the slits 3 cm. apart. If the lens is moved 
60 cm, along its axis, real images of the slits -j- cm. apart are again produced in the 
same plane as before, h'lnd the distance apart of the slits and the focal length of 

(Camb. Schol.) 

10. Find an expression for the focal length of a thin leils in terms of the radii 
of curvature of the faces of the lens and the refractive index of the glass. 

A piano-concave w^ater lens is formed between a thin glass plate and one surface 
of a thin double convex lens in contact with it. The focal length of the com- 
bination is zf} 2 cm. and of the convex lens alone 19 cm. The glass lens is then 
t\jmed over so that the other surface is in contact with the glass plate, and the 
focal length of the combination is now 25’4 cm. Find the refractive index of the 
glass, and the radius of curvature of each face of the lens. (Refractive index of 
water =4/3 .) (Comb. Schol!) 

11. A rnetal plate containing an illuminated circular hole is placed at one end 

of an optical bench, and a screen at the other. By means of a convex lens an 
image of the hole is formed on the screen, the diameter of the image being 2*25 cm. 
If the lens is rnoved 20 cm. along the bench an image of the hole again' appears 
on the screen, its diameter being now 1-00 cm. What is the real size of the hole 
and how far is it from the screen ? (O. and C.) 

12. A real object is placed perpendicular to the axis of a convex lens so that a . 
real image of length y is formed at a distance v from the lens. Show how to 
obtain the length x of the object and the focal length f of the lens by plotting 
y against and find the values of x and f if y changes from 0*80 cm. to 1*80 cm. 
when V changes from 30 cm. to 45 cm. 

Describe in detail how you would perform the experiment and verify the value 
of X by direct measurement of the object. (N.U JM.) 

13. Describe two methods for the determination of the focal length of a concave 
lens. 

A thin equiconvex lens is placed on a horizontal plane mirror and a pin held 
20 cm. vertically above the lens coincides in position with its own image. The 
space betw^n the under surface of the lens and the mirror is filled with water 
(refractive index 1*33) and then, to coincide with its image as before, the pin has 
to be raised until its distance from the lens is 27'5 cm. Find the radius of curvature 
of the surfaces of the lens, {N.U.y.B.) 
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14 A point source of light is moved steadily along the axis of a simple lens from 
a position in contact with the lens to one an infinite distance away from it. Con- 
stat a simple diagram from which it is possible to read off the position of the 

image corresponding to any position of the source. 

If /is the focal length of the lens, p the distance of the source from one focus, 

and q the distance of the image from the other focus, show that pq— What 

advantage has this formula in a focal length measurement ? {London.) 

15. Explain in detail how you would determine the focal length of a concave 

equi-convex leiis rests on a horizontal plane mirror and an object held above 
it is found to coincide with its image when 12 cm. from the lens. On filling the 
space between the lens and mirror with a liquid of refractive index 1 -46 the distance 
of the object for coincidence with the image is found to be 20 cm. Calculate 

(a) the radius of curvature of the lens surfaces ; (b) the refractive index of the 

glass of the lens. {N.U.J.B.) 

16. A converging lens is placed between a pin and a plane mirror. The three 

are adjusted so that (a) an erect image, (b) an inverted image, of the pin is obtained 

coincident with the pin. Draw diagrams illustrating the formation of the image 

in each case, and explain how in each case the focal length 

deduced from a knowledge of the relative positions of the pin, lens, and mirror. 

{Tripos, Part /.) 

17. A plane mirror is placed at a distance d behind a convex lens of focal length/. 

A pin is placed at a distance u in front of the lens, so that its image is seen after 
refraction by the lens, reflection by the mirror, and refraction by the lens again. 
For what values of u may a real image of the pin be formed ? {Carnb. Schol.) 

18. A projection lantern for a large hall is required to project a picture, 
20 ft. X20 ft., of lantern slides 3i in.x3i in. Find the focal length of the thin 
lens needed to do this if the slide is to be (a) 100 ft., (b) 40 ft. from the screen. 

What specification would you give to the lens manufacturer in each case it 
the lenses are to be made of glass of refractive index 1-500 and are to be (a) equi- 
convex, (b) plano-convex ? 

19. A cinematograph lens is needed to produce a picture 30 ft. x22-5 ft. of a 
film 1 in.xi in. on a screen 180 ft. from the lens. Find how far the film must 
be from the lens and also the focal length of the lens. Work out the specification 
you will give to the lens manufacturer if the lens is to be made of glass of refractive 
index 1-600 and is to be plano-convex. 

20. A Jens is required for a 16-mm. cinema projector to produce a picture 
4 ft.x2 ft. of a film 0-5 in. X 0-25 in. on a screen 15 ft. from the film. Find the 
focal length of the lens required and its specification, if it is to be equi-convex 
of refractive index 1-55. What would be the size of the picture produced if the 
operator was compelled to use the projector with the lens 10 ft. from the screen ? 
How would the brightness of the image obtained in this case compare with that 
of the first case ? 

21. Show that in the case of a thin lens (a) all rays nearly parallel to the axis 
falling on the lens at any given point are equally deviated on passing through, 

(b) the deviation produced is different for different points on the lens and pro- 

portional to the distance of the point from the axis of the lens. Hence derive 
the usual formula connecting the focal length of the lens, the radii of curvature 
of its faces and the refractive index of the material. {Comb Schol.) 


22. (i) Show that all rays of light proceeding from a point A on the axis of a 
convex lens of small aperture, and passing through the lens to a point B. also on 
the axis of the lens, have the same time of travel provided that 



where 


ti=distancc irom A to the lens 
ii = distance from B to the lens 
r\ and r 2 = radii of curvature of the two faces of the lens 
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(ii) Show how it follows from this fact that B is the image of a point source 
at A. 

(iii) Explain the convention of signs which must be used to make the expression 
hold in the general case of a conc.nve lens and a virtual image. 

(iv) Draw diagrams showing the course of the rays of light by which the eye 

sees (a) a real image, (b) a virtual image in a convex lens. (jCamb. Schol.) 

23. State and explain Fermat’s Principle of Least Time. 

Apply the principle to establish the relation between the focal length of a thin 
lens and the distances from it of a point source of light and its real image. 

{Tripos, Part /.) 


24. A ray of light is incident on one face of a thin double convex lens in a direc- 
tion parallel to the axis, and after two internal reflections emerges from the second 
face. If the lens is of focal length 50 cm., and is made of glass of refractive index 

>fj’i trovri the centre of the lens is the point where the emerging ray cuts 
the axis ? (Camb. Schol.) 


IS. how 5 fj I 


25. Show that for the case of a thin lens, xy^f^ where x and y are the distances 
ol the object and image from the corresponding focal points, and / is the focal 
length. Show also that the magnifleation of the image is y//. 

Explain how this result can be applied to the experimental determination of the 
focal length of a lens . {Oxford Schol.) 


26. A thin plano-convex lens is used to form an image of the sun when it is 
vertically overhead, on the floor of a swimming-bath 2 metres deep. Draw a 
curve showing how the size of the image of the sun depends upon the focal length 
of the lens (Refractive index for w'ater = l-3, for glass 1-5.) {Oxford Schol.) 


27. Explain what i.s meant by the focal length of a lens. 

"^rwo thin converging lenses of focal length 10 cm. are placed 5 cm. apart. Obtain 
a relationship between the position of the object and image for the combination. 
Can any meaning be attached to the term focal length for the lens system ? 

{Oxford Schol.) 

28. 'I'wo thin convex lenses of 20 cm. focal length each are set up co-axially 
at 3^ distance 5 cm. apart. The image of an object 100 metres away and 5 metres 
high is formed by the combination. 

What is the size and position of the image ? 

What would be the effect of filling the space between the lenses tvith water ? 

{Oxford Schol.) 

29. Two thin convergent lenses each of focal length / are placed on the same 
axis at a distance/ apart. Find graphically or otherwise the principal foci and the 
focal length of the combination. 

Find also the positions of the images and the linear magnifications for small 
objects placed on the axis and perpendicular to it at distances / and 2/ in front of 
one of the lenses. {Oxford Schol.) 

f 

30 » Show that the deviation produced by a thin lens in a ray making a small 
angle with the axis is ^//, where / is the focal length of the lens and h the distance 
from the axis whore the ray strikes the lens. Hence or otheiwise show that for 
two co-axial thin lenses in air a finite distance apart, there exist two points for 
which an incident ray through the first emerges in a parallel direction through the 
second and that if object and image distances are measured from these two points 
respectively the formulae for thin lenses apply. {Oxfpftl Schol.) 

31 . Two thin convex lenses of focal lengths f\ and /2 at'C placed on the same axis 

at a distance / 1+/2 apart. An object is placed on the axis at a distance U{ from 
the lens of focal length /i, and the final image is at a distance U 2 from the iens of 
focal length /j. Find the relation between ui, W 2 , /j, and /?. Find also (a) the 
linear magnification of the image, (b) the angular magnification of the image in the 
case where «i = ao. {Camb, Schol,) 

32. A pencil of light diverging from a point on the axis of a thin lens is refracted 
at the first surface of the lens, reflected at the other surface, and then refracted 
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; 

mt. Sliow that the final image will be real except when the distance of the luminous 
point from the lens is less than 

r r' 

where r, r' are the radii of the first and second faces of the lens resMctively' and 
^ is the refractive index of the lens material. (Camb. Schol.) 

33. If a pin is placed 10-5 cm. in front of a convex lens of focal length 20-0 cm., 
a faint real inverted image can be seen coinciding with the pin itself. How is the 
image formed Use your explanation to find the radius of curvature of the surface 
of the lens remote from the pin. If the lens is turned round, the pin has to be 
put 8-8 cm, from the lens to get the same image to coincide with the pin. Calculate 
the radius of curvature of the other surface of the lens and the refractive index of 
its material . 

34. A pin is placed on one side of a converging lens, which forms a real inverted 
image of it on the other side. When a concave lens is placed between the image 
and the converging lens at a distance of *1-5 cm. from the image, a new real inverted 
image is formed 20*0 cm. from the diverging lens. Calculate its focal length. 
The concave lens is now fixed to a converging lens of focal length 10-5 cm. and 
the focal length of the combination is found to be 25-0 cm. Calculate the focal 
length of the concave lens from these readings. Which of these two methods 
do you consider to be the more accurate w-ay of finding the focal length of a con- 
cave lens ? Give reasons for your answer. 

35. An astigmatic convex lens has one face spherical of radius 20*0 cm. and 

the other cylindrical with the same radius, the refractive index of the glass being 

1-50. It is placed with the axis of the cylindrical face verticsil at a distance of 

60-0 cm. from a gauze whose wires are 1 mm. apart and horizontal and vertical. 

Calculate the position, nature, and distance apart of the wires of the images formed 
by the lens. 

, The gauze is now turned through 45” in its own plane. Will the lens form an 
image of it now ? If so, where will it be and what will it be like ? 





Chapter III 

REFLECTION AT CURVED SURFACES 


21 , INTRODUCTORY 

It is natural to begin the study of reflection at curved surfaces with 
spherical surfaces as was done in the case of refraction, both because the 
mathematical treatment is likely to be simple, and most mirrors are 
spherical in shape, because the surface of a sphere is the only one which 
can be made with accuracy and reasonable cheapness in practice. So we 
shall derive the theorems for spherical mirrors from the law of reflection 
by logical deduction just as we did for refraction, and we shall see how our 
results agree with the behaviour of actual mirrors. 


22 . REFLECTION AT A SPHERICAL SURFACE 


We have already seen in Art. 3 that reflection is a particular case of 
refraction for which 72=— - 1 , if the refraction is from air to a medium of 
refractive index n. It follows from the general law of refraction expressed 
by the equation Wj sin q =712 sin *2 that here reflection is given by the 
condition 712= —Wj when 72==— fi- We can therefore derive the equation 
for reflection at a spherical surface from that for refraction by making 
this substitution. The equation for refraction at one spherical surface for 
paraxial rays is 


”2_”i ”2— ”1 

V u r 



If 7 i2= — Tii, this equation becomes 

V u r 

1 1 2 

or - + 

V u r 

the usual equation connecting the positions of an object and its image 
formed by a spherical mirror. 

We shall now prove this relation directly from the law of reflection, 
expressing our equations in terms of the positions of the object, image, 
and centre of curvature of the mirror. The diagrams for the six possible 
cases for the convex and concave mirror are shown in Fig. 36 . In every 
case C is the centre of curvature of the mirror, O is the centre of its 
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ffiscuUt outline, called the pole of the mirror, AP is any ray emitted from 
^ object A (or converging to a virtual object A) on the axis OC of the 
minor ; it strikes the mirror at P and is reflected along PB (or BP) to 
cut the axis at B (or appears to come from B after reflection). In four of 
the cases either the object or image is virtual. By the law of reflection, 



A virtual image of a real object formed by a convex mirror 



A virtual image of a virtual object formed by a convex mirror 


C 


A real image of a virtual object formed by a convex mirror 

Fig. 36. 

CP, produced if necessary, is the internal (or external) bisector of the 

angle APB. 

AP AC 

" PB“CB 

If we restrict ourselves to paraxial rays 

PB”BO 

within the limits of experimental error. 

AO 

BO”"CB 

tt u—r 
V r—v 
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truth of this last equation 
an equation in distances 


case 




ur—tw=^uv—vr 


Dividing by uvr vve have equation (17) again 


1 1 2 



V u 


This equation shows that, given u and r, the value of v is independent 
of the angle which the ray from the object makes with the axis* Thei«« 



A rpo! .mage of a rto^ object formed by a concoue mirror 



A i'/ftual m age of a real object formed by a coffcaoe mirror 



A real image of a v rtua! object formed by a conCQue mirror 

Fig. 36 — continued. 

fore all paraxial rays in the plane of the diagram from the point A on 
the axis of a spherical mirror pass through the same point B on the axis 

reflection and since conditions are symmetrical about OC as axis, 
paraxial rays from A in any other plane will be reflected to pass through 
B. Therefore a solid pencil of paraxial rays from A will be reflected to 
pass through B and so we have theorem 7, 

Theorem 7 : a spherical mirror forms a point image of a point 
object on its axis. 
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if vssoo , from equation (17) 



so we have theorem 8. 

Theorem 8 i rays parallel to the axis of the mirror are reflected 
so as to pass through a point on the axis lyin^ half-way between 
the centre of curvature and the polo of the mirror . This point is 
called the focus of the mirror and its position relative to the pole is known 

as the focal length of the mirror and is denoted by /. 



and so equation (17) may be written 


1 1__1 
v~^u f 



which should be compared witli the similar equation for lenses. The 
cases of a beam parallel to the axis striking a concave and convex mirror 
are shown in Fig. 37, and it is obvious that the focal length of a convex 
mirror is positive while that of a concave mirror is negative. 




Fig. 37. 


It follows from the principle of the reversibility ot ra\s of light or by 
putting v=oo in equation (18), that, if the object is at the focus of the 
mirror, then the rays from it are parallel to the axis after reflection. 

The other interesting set of rays is the one which passes through the 
centre of curvature of a mirror or is converging to it in the case of a 
convex mirror. They strike the mirror normally and so they retrace 
their path after reflection. So we have theorem 9. 
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Theorem 9 : rays passing through the centre of curvature of a 
mirror retrace their path after reflection. They correspond in a way 
to the rays going through the centre of a lens which are undeviated by 
the refraction. In each case, too, the corresponding point is the one 
place where the object and image coincide. 


23. FINITE OBJECTS 

The case of finite objects can be dealt with by considering the image 
B of a point object A on the axis of the mirror (Fig. 38). If the figure is 
rotated about the centre of curvature C through a small angle, A describes 
the small arc AA' and B the small arc BB'. It follows at once that B' is 
the image of A', since the direct proof given for the points A and B 
applies equally well to A' and B'. But the angle of rotation must be 



small for paraxial conditions to be satisfied and under these circumstances 

AA' and BB' are straight lines at right angles to the axis of the mirror. 
So we have theorem 10. 

Theorem 10 : spherical mirrors form line images perpendicular 
to the axis of small line objects perpendicular and close to the 
axis ; and it follows also that they form plane images perpen-/ 
dicular to the axis of small plane objects perpendicular and close 
to the axis. 

The same argument may be applied to see what will happen to a 
parallel beam inclined to the axis of the mirror. If Fig. 37 is rotated about 

a small angle, the rays parallel to the 
axis become a parallel beam inclined at that small angle to the axis and 
the focus F describes a small arc FF'. It follows that the beam comes 
to a focus at F', a point in the focal plane of the mirror, which is a plane 
through the focus perpendicular to its axis. The point in the focal plane 
at which any parallel beam comes to a focus is the point where that par- 
ticular ray of the beam passing through the centre of curvature of the 
mirror intersects the focal plane. By the law of the reversibility of rays 
of light, it follows that, if a point source is placed in the focal plane of a 
mirror, the rays from it will be reflected as a beam parallel to the line 
joining the point source to the centre of curvature of the mirror. 


the centre of curvature C through 
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the properties of mirrors 

'c c»n now deduce the properties of mirrors either by means of the 


equation 


1 i_i 


or by means of a graphical method similar to that used for lenses. We 
will consider die case of a real object inside the focus of a concave mirror. 

-—a. add. Now 


Here /: 


d. u 


1 1_1 


Substituting the above values of / and u in this equation, we have 


1 1 


1 


d 




11 1 

d 


V a 


and so a virtual image is formed 


the mirror at a greater distance than 
from the last equation. 


b' 



We can derive the same result by a graphical method, which is illus- 
trated in Fig. 39. AA' is a small line object perpendicular to the axis ot 
the mirror. Draw a ray A'D parallel to the axis of the mirror ; it is 
reflected along DF to pass through the focus of the mirror. Draw the ray 
from A' which has the same direction as CA' produced ; it strikes t e 
niirror nor mal ly and so retraces its path after reflection. Since t c o ject 
is inside the focus, it is obvious that these two reflected rays arc diverging , 
produce them backwards to meet at B' behind the- mi^or. Since we 
have already proved that spherical mirrors form point images of point 
objects near the axis, therefore all paraxial rays from A necess^i y 
appear to come from B' after reflection, and so B' is the image of A . 
Since AA' is perpendicular to the axis, its image must also be perpendicular 
to the axis, and if B'B is drawn at right angles to OC to cut it at B, 
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also erect and magnified. 


AA 


fundamental 


diagram shows that the image 


B 


t 


'/ 


proved from this diagram by 
considering the two pairs of 
similar triangles CAA', CBB' 
and FOD, FBB'. 



We can 


c 


obtain 


an ex- 


/ 


Fig. 40 


pression for the magnification of 
a mirror from a similar diagram 
(Fig. 40) by considering the ray 
A'O which is reflected along 
OE so that B^OE is a straight 


line, it foilows from this fact and the law of reflection that ZB'OB« 

/^EOA and A.EOA=/ A OA. So ^A^OA= / B^QB and the triangles 
A'OA and B OB are similar. Therefore the magnification, m, is given by 


BB' OB 
^“AA'''^OA^“‘m 

The remaining cases of interest are shown in Table 3 and the reader 
‘U.ld verify the results both by the use of the equation and by the 
aphical method. In particular it is important that he should satisfy 


St:0 


graphical method. In par 
iiirnself that the sign as 
well as the magnitude of 
the above expression for 
the magnification is correct 
for each of these cases. 


cases. 


The case of a convex mirror 
forming a virtual image of 
a virtual object outside its 
focus is illustrated in 

Fig. 41. 

The reader should ex- 




o 



A 




Fig. 41. 


amine the table carefully and he will notice the resemblance between 
the effect of a concave mirror on real objects and that of a convex 
mirror on virtual objects ; the same similarity is noticed in the case of the 
effect of a concave mirror on virtual objects and that of a convex mirror 
on real objects. Finally, if the reader compares Tables 1 and 3, he will 
see that the properties of a concave mirror are the same as those of ^ 
converging lens, while those of a convex mirror are the same as those of 
a diverging lens. 


25. EXPERIMENTAL TESTS 

How do the above theorems for mirrors stand the test of experiment ? 
In subjecting them to this test w'e must remember that they are only 
true for paraxial rays ; with this limitation we can say that they must 
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be true for they arc derived from an experimentally established law by 
deductive logic. The theorem that all rays parallel to the axis of a mirror 
arc reflected to pass through a point on its axis can easily be verified by 
some kind of apparatus for producing rays of light such as a smoke-box 


Table 3 


Nature of Minor. 


Concave 

Concave 


Concave 

Concave 


Concave 


Convex. 
Convex. 
Convex . 


Nature and Position of 

Object. 


Nature and Position of Image 


Real and outside C 
Real and at C. 


Real and between C and F 
Real and inside F. 


Virtual in any position. 


Real, inverted, diminished, and 
between C and F. 

Real, inverted, the same size as 
the object, and in the same 
position. 

Real, inverted, magnified, and 
outside C. 

Virtual, erect, magnified, 
further from the mirror than 
the object. 

Real, inverted, diminished, and 
nearer to the mirror than the 
object. 


Real in any position. 
Virtual outside the focus 
Virtual inside the focus. 



Virtual, erect, diminished, and 
inside the focus. 

Virtual, inverted, and outside 
the focus. 

Real, erect, magnified, and 
further from the mirror than 
the object. 


Table 4 


A CONCAVE MIRROR 



1+1 

u V 

cm~* 


0 0970 

00967 

00968 
00962 
00965 
0 0962 
00962 

Alcan : 0 0965 i0 0003 


/== 10-38 ±0 03 cm 


or a Hartel disc. In the same way it can be shown that all rays passing 
through another point on the axis, the centre of curvature, retrace theii 
path after reflection. If measurements are taken, it can be shown approxi- 
mately that the focus is half-way between the centre of curvature and the 
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pole of the mirror. The word approximately is used advisedly here 

since the rays used are by no means Euclidean lines and the positions of 

the focus and centre of curvature cannot be fixed to more than two or 
three millimetres. 


It 


common knowledge that mirrors form sharp images of small 


cases 


noticed in Table 3 are of everyday occurrence. The real, inverted 


formed 


mirror is used in the reflecting telescope ; the mirror brings the distant 
object nearer in this way and this image is then magnified by the eyepiece. 
The virtual image formed by the same type of mirror when a real object 
is inside its focus is made use of in the concave shaving mirror, while 
the virtual, erect, and diminished image formed by a convex mirror of a 


1 object m any position is made use in the reflecting mirror which must 
be attached to eveiy motor car in this country. And the correctness of the 
properties of mirrors summarised in Table 3 can be verified in the 
laboratory by using an optical bench, a suitable object such as an 
illuminated gauze, and a screen on which to project the image. 

Finally, the reader w'ill do a number of quantitative experiments with 


mirrors to see to what extent they satisfy the equation — 1--=;-. A 

V u f 

set of results is given in Table 4 which shows that it is true to 1 in 300. 

\^^e see then that, as in the case for lenses, our theorems concerning 
reflection at curved surfaces are satisfied by actual mirrors and so our 
analysis of both lenses and mirrors for paraxial rays will be a very useful 
guide in enabling us to predict new uses of these instruments. Our 
theorems are usually more closely obeyed by mirrors than by lenses ; 
this is just what we should expect, because we made the assumption in 
dealing with the latter that the poles of the two refracting surfaces were 
coincident, w'hich is never the case for an actual lens. No such assumption 
W'as made in the case of mirrors. 



26. MIRRORS OF LARGE APERTURE 

We have so far confined our attention to paraxial rays almost entirely, 
but it is evident that there are many optical instruments in which such 
conditions are not satisfied, as, for example, when we wish to photograph 
a large object close to a camera. The rays from the edge of the object 
must make large angles with the axis of the lens and our treatment breaks 
down. A similar example is the rays from an object which is being 
examined in a high-power microscope ; the rays from the object to the 
edge of the objective make quite a large angle with the axis of the micro- 
scope. And the diameter of the mirror of the large reflecting telescope 
at Mount W^ilson is 100 inches, and so paraxial conditions are certainly 
not satisfied by those rays from a star which strike the edge of the mirror. 


Curved 


bi 


And a mirror of twice that diameter is being prepared at the moment ! 
The full investigation of the effects to be expected for rays making large 
anaU with the axis will be postponed to a later chapter, but. as his 
problem is so important, we shall consider it non-mathematically in this 

chapter, confining ourselves to reflection. what 

There arc two quite separate problems to be soUed. Firstly, w 

happens if we restrict ourselves to small objects near to the axis of the 

mirror, whose diameter is so large that rays making large angles with 

its axis can be reflected from it ? Secondly, what happens if we have 

small objects lying a long way from the axis of the mirror . 

We^U take the first problem. By restricting ourselves to paraxial 

conditions, we have, Really been confining ourselves to mi^rs of small 
aperture. The aperture of a mirror, or a lens, is the ratio of the diameter 
of its circular outline to its focal length. If a camera lens is stopped 


down 


its effective aperture is -jV- If a mirror has a diameter of 


8 cm. and a focal length of 30 cm., its aperture is -i%. We are now going 
to consider the effect of a mirror of large aperture on an object. Let us 



Fig. 42. 


take the simplest object there is, a point object on the axis of the mirror 
at infinity. Is a point image formed ? We know that the paraxial rays 
come to a focus at a point half-way between the pole of the mirror and 
its centre of curvature, but what about the others ? We could calculate 
what will happen to them, but we will content ourselves for the moment 
by actually drawing the path of the reflected rays by assuming the law 
of reflection (Fig. 42). We see that the rays do not come to a point focus 
at all, but that there is a region of maximum concentration of the rays or 
of maximum illumination. It lies along a curve called a caustic, whose 
apex OF cusp, as it is called, lies at the focus of the mirror. Almost every- 
one is familiar with this caustic, for it can be seen in a glass of water on 
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which the sun is shining. It is hardly true to describe the sun as a noint 
source but the rays from the top of the sun are only inclined m A~e 

frZ of ‘'“'f “ degree, and so the collection of my* 

from the sun can be regarded as one parallel beam for a qualitative observa 

tion of this sort A similar caustic is produced by the glass acting as a 

ens and so our theorems for lenses break down too when paraxial rmtric! 

tions are removed. So mirrors and lenses of large aperture do not form 

point images of point objects on the axis, and therefore they will not form 

sharply focussed images of even small plane objects in the neighbourhood 

of the axis. Fig. 42 is conhned to one plane and to obtain the result of 

.ne reflection of a solid pencil of rays it must be rotated about the axis 

of the mirror through 180", when the caustic curve becomes a kind of 

cone whose vertex is at the focus of the mirror. Since all the ravs at 

tne same distance from the axis pass through the same point on the axis 

after reflection there is also a bright line running from the focus F 

mwards along the axis. The caustic seen by reflection in a glass is the 

inteisection o.t the cone and the bottom of the glass, the bright line beinc 

aosent since the glass is cylindrical, not spherical. The best image which 

we can project on to a plane surface is a circle of finite radius called the 

circle of least confusion, which is obtained by putting the screen in 

tne position shown by the two arrows pointing inwards. This is the 

sharpest image which can be obtained of the point object at infinity and 

in need of a pom.t object at any distance from the mirror. The reader 

xvill see that this lack of point focus arises from the fact that the further 

a ray is from the axis, the nearer to the pole of the mirror does the reflected 

ray cross the axis. In other words, the focal length of the mirror is less 

ine further the ray is from the axis. If the diagram is examined more 

closdy, It can be seen that this decrease of focal length becomes more rapid 

the further out we get from the axis. A more general way of expressing 

this point IS to realise that the real factor controlling the variation in focal 

length is the angle of incidence rather than distance of the rays from the 

axis, and we see that the focal length decreases with increase of angle of 

incidence and that the rate of decrease increases as the angle of incidence 

increases. We shall see the importance of this in considering the second 
problem. 


27 . IMAGE FORMATION OF OBJECTS A LONG WAY FROM 
THE AXIS OF A MIRROR OF SMALL APERTURE 

The second way in which paraxial conditions can be violated is by 
using mirrors of small aperture to form images of objects a long way 
from the axis. Let us consider a parallel beam of rays originating in a 
point object at infinity and making a large angle with the axis CO of a 
mirror DD , centre C, and pole O (Fig. 43). The extreme rays AD and 
A D from the object to the edges of the mirror make large angles of 


Curved 




cnee and so our simple equation for the mirror no longer holds, 
it is clear that the mirror can be regarded as a small m^i^ portion 

mirror of large aperture of axis CO' parallel to the incident beam, 

Hiacrram. We can now use 


dotted lines in the di 

It follows 


the results of the previous article , 

mareinal ray A'D' wiU cross the axis CO' of the imaginary mirror closer 

^ pole than the parallel ray AD. So DTS is the path of AD after 

reflection and D'TV that of A'D'. This follows from the fact that the 


incidence is so large that we have reached the stage where the focal length 


changes so rapidly with variation in angle of incidence that there ts a 
® . Now in practice the pencil 

To obtain 


^erence 


of rays is a solid pencil and the mirror is in three dimensions. 


lajo II t U 4. 

the true state of affairs, the figure is rotated through a small angle about 


CO' as axis, when the line DD' describes the surface of the mirror of 


considering 


incident plane pencil becomes a solid pencil. 


as it is in practice, and the reflected pencil 


pass 


normal 


the plane of the paper, and the other SV. 


It is not easy to describe the shape of this 
reflected pencil, but the reader should try to 
sne it for himself in a smoke-box. "" 


These 

two lines are called the focal lines of the 


point source and they are separated by a 
finite distance and are mutually perpendicu- 
lar. Here again the best focus that can be 
obtained is the circle of least confusion which 



Fig. 43. 


is produced on a screen placed between 
T and SV at the position where the reflected pencil has the minimum 
diameter. So a mirror of small aperture will not give a sharply focussed 
image of a point object remote from its axis, nor of small plane objects 
in a similar position. 


....... beam is another example ... .......... 

is one without a point focus, and this result is so important that w'e shall 
consider another way of establishing it. Rays such as AD and A'D' •" 

4* AM 


OliVJVlAWl VTOJ V/1 VO ta L' AAdl 1 i 1 It. j.vajo OiaVAl 0.0 irx.A^ Oii^ 111 

the plane containing the object and the axis of the mirror not only strike 

u., 4. r i i 


vaav ^AOAAV VV/lli.Oi.AAIAA|^ U4V WWJVVi. tlAV O/WAO \J k WAAV A1AA11V.AA AIWL OViAl\V 

the mirror obliquely, but the actual diameter of the mirror is foreshortened 


— normal to the rays. But rays ini« plane normal xw v..«x 

taining the object and the axis of the mirror only strike the mirror 
obliquely ; there is no foreshortening of its diameter. 


Fhe oblique 


^ I v*av#4v mS9 A V a t avo VAicataavvwii 

incidence causes the focal length of rays confined to either plane, measured 
along the principal reflected ray OT, to be less than that of paraxial ravs. 
But tlie foreshortening effect for rays such as AD and A'D' causes their 
focal length to be less than that of rays in a perpendicular plane. There- 
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ore tne rays are bent inwards in the plane of the diagram more rapidly 

p »nd Ae reflected pencU comes Va 


; IVr ot the diagram and to another line 

focus S y in the plane of the diagram. These foci are called the tangential 

and sagittal focal lines respectively. This way of looking at the fonnation 
of the reflected pencil connects it up with the astigmatic lens (Art. 201 • 
we see that m each case the astigmatism arises from the fact that the 
optical system has different focal lengths in two mutually perpendicular 
planes. In the astigmatic lens this is due to the asymmetrical nature of 
one of Its surfaces, here it is due to the asymmetrical position of the 
object. While the point object is on the axis of the mirror, spherical 
syrnmetry is maintained, but when it is to one side the symmetry is lost 
and the mirror has different focal lengths for the plane containing the 
point object and the axis and a perpendicular plane. So we see that the 
image of small plane objects remote from the axis of a spherical mirror 
X small aperture will suffer from the same defects as those formed by an 
astigmatic lens. They will never be sharply in focus and if they should 
be cross-wires or a gauze, then only one set of lines can be focussed at a 
time. In short, even if we stop down a mirror of large aperture to main- 
tain the sharpness of focus of those parts of an object near to its axis, the 

sharpness of focus or definition will still get progressively worse as we 
go outwards from the axis. 

We may sum up the present position of our analysis in this way : 
starting from the laws of reflection and refraction of rays of light, we have 


r> 


jccn jDiC to deduce a number of theorems concerning thin lenses and- 


mtrrcrs. 


1 hesc theorems have only been proved for paraxial conditions, 

. jLi t* - * * 


nd under these conditions it is found experimentally that actual lenses 


and mirrors ohty them and so they form a sound basis for a prediction 


of the properties of actual lenses and mirrors. But a preliminary enquiry 


into what happens when paraxial restrictions are removed has shown us 

^ L *^ 4 " ■4' } . .A A 1 «•« ... ^ 


• A 1 - ^ « V'AmAVr ▼ V'VA lAOiO UO 

that the above theorems are no longer valid, and if we wish to use lenses 

^ ^ ^ mm 4 I • «•« .. .... 


maava M.M. WW^ TTAOAA W I40V IV^IAOVO 

of large aperture so as to make our images brighter or to deal with large 
objects we shall have to extend our investigations. Before doing this 


we snail enquire into another detect of lenses which puzzled Newtoij 
and led to some epoch-making investigations into the nature of white 
light. Anyone who has a simple magnifying glass can see that, if he 
pushes it to the limit of its magnification, the images get blurred and 
slightly coloured at the edges. Newton had noticed the same thing in 
the case of the telescopic objectives of his time, and he decided to investi- 
gate the nature of white light itself to see if that was the cause of the 

trouble. We cannot do better than fnll «n Ktc irkv^ctscrat-irkn 


postponing our consideration of the other problems until later. 


Reflection at Curved Surfaces 


6s 


EXAMPLES ON CHAPTER III 

1. Show that if a beam of rays diverging from a point near the axis strikes a 
small concave mirror, the rays after reflection will pass through another point. 
How is the position of the second point related to that of the first ? If the first 
point is 17 cm. from the surface of the mirror and the second is 17 cm. from the 
centre of the curvature, what is the radius of curvature of the mirror ? 

{London Inter.) 

2. Why is a sign convention used in geometrical optics ? Illustrate your answer 
by deducing, from first principles, the equation connecting the distances u and v 
of a real object and its image respectively from a concave mirror of radius r, (a) 
when the image is real, (b) when the image is virtual, and then applying the con- 
vention you yourself employ. 

A convex mirror, used in a car as a rear view reflector, reflects into the eye placed 
centrally and 20 inches away rays incident on the periphery of the mirror and 
inclined at 10° to the central axis. If the mirror is 3-5 inches across determine 
approximately its radius of curvature. {N.U.J.B.) 

3. A man requires a mirror for shaving to produce an image of his face twice 
the actual length of his face when he is 10 in. from the mirror. What sort of 
mirror must he use, what will be its focal length, and how far away from the 
mirror will the image of his face be formed } 

4. A dentist uses a concave mirror for examining his patients’ teeth. Design a 
mirror suitable for this purpose, assuming that the image is to be three tunes the 
size of the object and the mirror is not to be held nearer to the tooth than 0-5 in. 

5. A mirror hangs on the wall of a room arid produces a virtual erect image 
6 in. long of a man 6 ft. high standing against the opposite wall 24 ft. away. Find 
the position of the image and the radius of curv'ature and nature of the mirror. 

6. Why is the driving mirror of a motor car convex rather than concave ? 

Such a mirror produces an image 1 in. wide of a car 3 ft. wide when it is 30 vds. 

away from the mirror. Find the radius of curvature of the mirror. How' can the 
driver tell, by looking into the mirror, whether the car is overtaking him or receding 
from him ? 

7. A concave mirror is filled with a liquid. What measurements would you 
make in order to determine the refractive index of the liquid "i {Oxford Scdol.) 

8. How would you determine the position of the centre of curvature of a concave 
mirror using only one pin ? 

An object is placed at the centre of curvature of a concave mirror, of focal leneth 
10-25 cm., which is held horizontally. Transparent liquid of refractive index 
1‘6 is poured into the mirror to a depth of 0-5 cm. at its centre. In order that the 
position of the object and the image formed by the liquid and mirror may coincide 
the object needs to be moved. Explain w-hy the movement is necessary and calcu- 
late its magnitude. {N.U.y.B.) 

9. PBCA is the axis of a concave spherical mirror, A being a point object, B its 
image, C the centre of curvature of the mirror, and P the pole. Find a relation 
between PA, PB, and PC, supposing the aperture of the mirror to be small. 

A concave mirror forms, on a screen, a real image of twice the linear dimensions 
of the object. Object and screen are then moved until the image is three times the 
size of the object. If the shift of the screen is 25 cm. determine the shift of the 
object and the focal length of the mirror. (N .LLjf.B .) 

10. You are given a mirror, the diameter of whose outline is 4 ft., and you 
cannot decide by feeling whether it is plane, convex, or concave. Describe in detail 
how you would decide which of the above alternatives is true, 

,11- A pin is placed 30 cm. in front of a converging lens of focal length 20 cm. 

men a convex mirror is placed 20 0 cm. behind the lens, a real in\erred image 
ot the pin is produced coinciding with the pin itself. Draw" a diagram (a) for a 
point on the axis, (b) for a point off the axis of the lens and mirror show exactly 

ow this is done and calculate the radius of curvature ot the convex mirror. 

5 
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^ front of a concave lens and, when a concave mirror 

of 40 cm radius of curvature is placed 25-0 cm. behind the lens, a real inverted 
image of the pm coinciding with the pin itself is formed. Draw a diagram showW 
the rays from a point (a) on the axis, (b) off the axis of the lens and mirror illus- 

trating how the image is formed and calculate the focal length of the concave 
mirror, 

When a pin is placed 28-5 cm. in front of the lens above, & faint real inverted 
image is formed coinciding with the pin itself. What is the radius of curvature 
of the face of the lens nearer to the pin? When the lens is turned round a similar 
image is formed with the pin 31-8 cm. from the lens. What is the radius of 
curvature of the other face of the lens and the refractive index of its material ? 

13. What is rneant by a caustic curve (or caustic surface) in geometrical optics ? 

Discuss from this point of view the image of a point object foimed by refraction 
at a plane surface separating a dense from a less dense medium, as well as the 
image formed when parallel light is incident axially (a) on a spherical, (b) on a 
parabolical concave mirror. (Camb. Schol.) 

14. Deduce a formula connecting the distances of object and image from a 
spherical mirror. 

vVhat are the advantages of a concave mirror over a lens for use in an astro- 
nomical telescope ? 

A driving-mirror consists of a cylindrical mirror of radius 10 cm. and length 
over the curved surface of 10 cm. If the eye of the driver be assumed to be at a 
great distance from the mirror, find the angle of view. (O. and C.) 

15. A point source of light, O, lies 15 cm. away from the pole, P, of a small 

concave mirror of focal length 5 cm. The direction PO makes an angle of 30° 
with the axis of the mirror. Show that two focal lines are formed by the reflection 
at the mirror of light from O, and find their positions. {London B.5c.) 

16. Give an account of the defects of the image produced (a) by reflection and 
vb) by refraction at a spherical surface. How would you demonstrate the position 
of focai lines in the case of reflection by a spherical concave mirror ? {London B.Sc.) 

17. What do you mean by the term refractive index ? 

d.'hc convex side of a plano-convex lens has a radius of cui-vature of 20 in., but 
wlien this side is silvered the lens behaves like a concave mirror of focal length 


8 in. What is the refractive index of the lens ? 


{Camb. Schol.) 


IS. A ray of light enters a thin glass lens in a direction parallel to the axis, and 
after internal reflection at the second surface is refracted out again at the first 
surface. Show that if the lens is a meniscus and the radii of the first and second 
surfaces are r and 3r respectively, the emerging ray will be parallel to the axis. 
(Refractive index of the glass — 1-5.) {Catnb. Schol.) 


Chapter IV 

% 

THE NATURE OF WHITE LIGHT AND THE 
CAUSE OF BLURRED IMAGES PRODUCED 

BY TELESCOPES 

28. INTRODUCTORY 

If the reader is to appreciate the amazing originality and accuracy of 
Newton’s work on dispersion and colour, he must have some acquaintance 
with the notions of colour which were common at that time. It is interest- 
ing to try to put oneself in Newton’s place and to try to see just what 
facts were known and still more to see which would strike his contem- 
poraries as the important and significant ones. The most striking 
cases of colour were exhibited by natural objects such as green grass and 
other colours shown by any landscape and also the colours of natural 
or artificially prepared substances such as pigments. There w’ere also 
the colours produced by the rainbow, which were usually faint and in 
any case only temporary, and the colours which were observed at 
the edges of a beam of light which had passed through a prism or a lens. 
All these colours are usually fainter than an ordinary beam of white light. 
Lastly, it was known that any colour could be made by a suitable mixture 
of red, yellow, and blue pigments. These facts were the basis of the 
various theories of colour ; the most prevalent notion was that colour 
was a property of the body itself and was something which the body 
gave to the white light, as it was reflected off it or passed through it. 
Colour, as it were, was a chemical compound of white light and some- 
thing received from the body. This chemical theory was further sup- 
ported by the fact that three different colours could produce any known 
colour if suitably mixed ; these three colours were the elementary colours 
like chemical elements, and the colours obtained by mixing them were 
akin to chemical compounds. Again, the fact that coloured light was 
usually fainter than white and occurred at the edge of a shadow when it was 
produced by prisms and lenses led to the view that colour was a mixture 
of light and darkness, the precise colour depending on the proportion of 
light and darkness in its composition. Although Descartes had given a 
satisfactory quantitative explanation of the rainbow, attributing the 
primary bow to one reflection and two refractions and the secondary 
bow to two reflections and two refractions in spherical raindrops, he was 
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quite unable to explain the appearance of the colours and why they were 
in one order in the primary bow and the opposite order in the secondary 
bow. It was left to Newton to realise that this phenomenon reaUv con- 

first 


person to give a complete and correct explanation of it. But he was led 


himself in the problem of colour at the early age of twenty 


, , ^ ^ fomied by the object 

glasses of refracting telescopes. The reader must realise that the telescope 
was one of the great discoveries of the age, much as wireless and television 


are of the present age, and everyone was keenly interested in this new 
tool. Newton was disappointed in the lack of sharpness of the images 
of telescopes of large magnifying power and he noticed that the images 
were also coloured at the edges. As he probably realised that 


't 


quivalent to a set of prisms, he decided to try the effect of a prism on 


white light and also on various colours. We shall now discuss Newton 


experimen'cs and the conclusions he drew from them, without necessarily 


iipon, nor retaining the order in which he himself arranged them. 


improved 


29. xNEWTON’S EXPERIMENTS ON DISPERSION. DIF- 


FERENT COLOURS HAVE DIFFERENT REFRACTIVE 


INDICES 


A 


horizontal strip of white paper was taken and the left-hand half 

0 A ^ ^ 


'//cis p.iintc(i blu6 snd the other half red. The paper was then viewed 


liiToa^gii a with its refracting edge horizontal and pointing upwards, 




rhen it was seen that the left-hand half is above the other. This proves 


that the blue light is deviated more than the red and so has the greater 
xefractive index. Some black thread was then wound round the same 


strip of paper and a convex lens of about 3 ft. focal length was placed 


some 6 ft. from the paper and a screen was placed so as to receive a sharp 


image of that part of the thread wound round the red part of the paper. 


It was then found that the screen had to be moved \\ in. nearer to the 


lens to get a sharp image of the parts of the thread illuminated with blue 


light. This is a further proof of the fact that blue light has a greater 


refractive index than red light. We see how Newton 


ments with the commonest kind of colours and how he tried right at the 


outset of his investigation to connect up a physiological sensation, colour, 


cannot be measured in numbers, with a physical property 


refractive index, which is quantitative. 


WHITE 


RAYS OF DIFFERENT 


REFRACTIVE INDICES 


Newton 


his experiments in his rooms at Cambridge) or an arc lamp was passed 
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through a. small hole about ^ in. in diameter in a screen placed in front 
of a prism ABC whose angle is about 60'’ and whose refracting edge was 
horizontal and pointing downwards (Fig. 44). The light was deviated 
upwards by the prism and a pinhole image of the source of light was 
thrown on to a screen some 18 ft. from the prism. This image should 
be some 2^ in. in diameter in the case of the sun, which subtends an 

angle of at the earth. To 
Newton’s surprise, no such 
simple image was obtained. 

Instead of a circle the image 
was a vertical strip of light 
2^ in. wide and 10 in. long and 
was also coloured along its 
whole length, the colours being 
red, orange, yellow, green, 
blue, indigo, and violet in order 
of increasing deviation. This 
strip of light was called a 
spectrum. The fact that 
the image was 2^ in. wide 
showed that there was no spreading out of the light in a horizontal 
direction, but its length of 10 in. proved that there was a spreading 
out of the rays in the direction in which they were deviated by the prism. 
Newton attributed this to the fact that the white light consists of rays 
of different refractive indices and so the prism should produce a whole 
set of pinhole images of the source of light, each one displaced aJittle 
relative to its neighbour according to the different refractive index of the 
light producing it. But this interpretation was not accepted universally. 
Grimaldi had suggested that the blurred images produced by lenses were 
due to the rays of light bein 


g diffused when they passed through the 



glass, each single ray being changed into a 

^ ^-^2 diverging pencil of rays of small angle, and it 

/ / was suggested that the spreading of the rays in 

/ / Newton's experiment was an example of this 

/ / diffusion. Newton soon disposed of this hypo- 

/ / thesis by placing a second prism DEF after the 

R, first one with its refracting edge vertical. If 

Pier. 45 . Grimaldi’s hypothesis were true, the spectrum 

RV should have been diffused into a square 
patch of light, provided that the tvv^o prisms were chosen so as to 
produce equal spread of the light. Instead of this the spectrum was 
just shifted from RiVi to R 2 V 2 (Fig. 45), the ray which had been least 
refracted at the first prism being least refracted at the second one too, 
and similarly for the most refracted rays. 

Grimaldi s hypothesis must have met with considerable support, for 


^ 

Fig. 45. 
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N ewton went to a good deal of trouble to refute it by devising variations 
of the above experiment. For example, he produced two spectra RiVi 
and R 2 y 2 one directly above the other (Fig. 46) and viewed them in a 
prism with its refracting edge vertical with the result that each spectrum 
was tilted as had happened in the case of the single spectrum. Again he 
superposed two spectra so that the red end of one coincided with the 
violet end of the other and vice versa, and once more viewed them in a prism 
with its refracting edge parallel to their length and so produced a cross 
(Fig. 47) as was to have been expected. These experiments were strong 
evidence in support of his view that the white light is composed of rays 
of refractive indices varying between two definite limits, since he showed 
that a ray of given refractive index retained that refractive index throueh- 




Fig. 



1 


out. As yet another piece of evidence in favour of his view, he produced 
a spectrum as shown in Fig. 48 and arranged a board in front of a second 
prism so that only one colour could pass on to that prism. He kept 
the two boards and the second prism fixed, so that the angle of incidence 
should always be the same no matter what colour fell on the prism. He 
then rotated the first prism so as to send different colours in turn on to 
the second, and he was able to show that the rays which were deviated 
nrlost by the first prism were so deviated by the second. On Grimaldi’s 
hypothesis, any ray, whatever its colour, should be diffused into a divergent 
pencil when it passes through a prism. 

His next experiment was a most significant one. It was a repetition of 
his very first experiment, replacing colours produced by painting a white 
strip of paper with spectral colours. It was clearly his intention to show 
that such colours are identical. So he produced two spectra and pro- 
jected the violet end of one on to the top half of a vertical white strip of 
paper and the red end of the other on to the bottom half. He then viewed 
the paper through a prism with its refracting edge vertical. The upper 
half of the paper was deviated more than the lower half, showing that these 
spectral colours have different refractive indices just like natural colours 
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and that they retain them after reflection from paper. He got a better 

result by replacing the strip of paper by white thread. 

As Newton believed that the blurred images produced by telescopra 
were due to white light consisting of rays of varying refractive index, it 
was natural that he should repeat his original experiment on f^ussing 
black threads wound round paper pamted red and blue. This time he 
illuminated the printed page of a book with red light from a spectrum 


same 


When 


UIUIL Ull a vr j t 1 * * 

tion to violet, he had to move the screen 2^ in. towards the lens to get 
the print in focus again. He remarked that this shows the dilterence 
in refractive index between the red and violet light and also that it is more 
marked than was the case with the painted paper. He attributed this to 
the fact that the colours given otf by the painted paper were not pure, 
that is, the blue had some green and possibly yellow mixed with it, and 
he suggested that the distance obtained this time might also be increased 
if it were possible to use the extreme ends of the spectrum. This was not 


V 

X 



Fig. 48. 


possible in the experiment, since the amount of light obtainable from the 
ends of the spectrum was not great enough to light the print up well 

enough to get an accurate focus. 

So far the rays of different refractive index had been produced from 
colours of natural bodies or by refraction. There was no satisfactory 
theory of refraction at this time, and for that reason Newton felt that 
his interpretation of the results obtained from refraction might be 
criticised. This illustrates a state of affairs in scientific investigation 
which is very common and must be appreciated by the reader. It is 
quite true to say that the fundamental basis of all science is experimental 
fact or observation. But it is equally true that science is emphatically 
not a mere collection of such facts ; the science has hardly begun until 
the facts have been fitted into some rational scheme or working thought 
model, that is, until a theory' has been put forward to explain the facts. 
The merit of the theory is that it throws new light on the facts by showing 
which are fundamental and which are mere matters of detail ; it lights 


up the whole set of phenomena, as it were, by arranging them rationally 
and it also suggests new and fruitful lines of investigation. Consequently 


Newton felt that it w^ould support his case, if he could produce rays of 
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different refractive indices from white light by means of reflection of 
which nintp n l.j i ^ / ccnecuon, ot 


will recollect that the law oFVeiectb;' fonows^'fromXjrinSk Stfa 
ight ray passing between two points takes the shortest path.^ Such a 

fhTfact! “fl ‘timllectual appeal and does form a confirmation of 

the facts about reflection. Until facts have been fitted into some kind 

of rational scheme, there is always a possibility that purely experimental 

law may be a coincidence which will break down in the face bf further 

nf7he applying to the distances 

of the planets from the sun* ^ 

* 


performed the following 


experiments. He took an isosceles right-angled prism ABC and sent a 
beam of white light normally on to one of the faces AC cantaining the 
rig t angle A (Fig. 49). Some of the light was reflected from the face BC 



and after emerging from the prism a spectrum of this light was formed 
in the usual way. But most of the light went on through the base of the 
prism. I he prism was then rotated in an anti-clockwise direction, when 
the violet light was the first to be totally reflected from the base BC and 
\vent to form part of the reflected beam emerging from the prism and the 
violet end of the spectrum of this light was strengthened. The first rays 
to be totally reflected had the greatest refractive index. As the prism 
was rotated further, rays of less and less refractive index were successively 
introduced into the reflected beam, as was shown by the intensification 
of less deviated parts of the spectrum, starting at the blue and going on 
through the green, yellow, orange, and red. So rays of different refractive 
index were produced by reflection and since the final reflected beam was 
white when all the light was totally reflected, this proved that white light 
consists of rays of varying refractive index. The second experiment was 
Newton s method of filtering rays of different refractive index out of 
white light, his filter being total reflection. Tw'o isosceles right-angled 
prisms ABC and A'B'C' were placed with their faces BC and B'C' in 
contact and a beam of white light was sent normally on to the face AC of 
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the combination (Fig. 50). It passed straight through the two prisms, a 
little being lost by reflection at the faces BC and B'C', and a spectrum was 
formed of the transmitted light in the usual way. The pair of prisms was 
then rotated in an anti- clockwise direction and when the light was incident 
on BC at an angle greater than the critical angle for violet light, it was 
totally reflected and so filtered out of the transmitted beam. This was 
shown by its absence from the spectrum VR. The colour of the trans- 
mitted beam changed. As the prism was rotated further, the colours of 
the spectrum were filtered out in order of decreasing refractive index, 
as shown by the order in which they disappeared from the spectrum \ R. 
Thus the transmitted beam, which was identical with the white light 
incident on AC, since it underwent a refraction from glass to air at BC 
and air to glass at B^C^ whose possible effects on the light would cancel 
one another out, consisted of rays of vary ing refractive index. We may 
sum up the conclusions to be drawn from this group of experiments 
in the following way : it is possible to obtain rays which are deviated 
through different angles when falling at the same angle on the same 
prism either by reflection from bodies of natural colours, or by total 
reflection, or by refraction ; this different amount of deviation is not a 
diffusion or spreading out of all tlie light, since the rays which are deviated 
least are always so deviated, and therefore rays can be produced which 
differ permanently in refractive index ; finally, since such rays can be 
obtained from white light, it follows that white light consists of rays of 
varying refractive index. 

31. TO PRODUCE A PURE SPECTRUM 

Newton w'as quite aware of the fact that he was not obtaining a com- 
plete separation of the rays of different refractive index except at the 
edges of his spectra, as the finite size of the images of the sun produced 


A 



Fig. 51. 


by the different sets of rays would cause overlapping everywhere else. 
He realised that it might be desirable to produce a spectrum free from 
this overlapping and consequent weakening of the various colours. Such 
a spectrum is called a pure spectrum, and Newton saw' how' to produce 
one. The method show'n in Fig. 51 is not quite the one w'hich he used, 
but it is the one most commonly used nowadays. A narrow' slit, S, 
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whose length is perpendicular to the plane of the paper, is illuminated 
by some source of white light of finite^size and is placed in the focal plane 
of the lens Lj, The rays from any^ one point of the slit are rendered 
parallel by the lens and fall on the prism ABC, which deviates each 
colour through a different angle, there being an emergent parallel beam 
corresponding to each colour. As each of these beams is travelling in 
a slightly different direction, they are each brought to a focus in a slightly 
different place in the focal plane of the lens L 2 , where a screen is placed 
to receive the spectrum. The result is that a sharply focussed image of 
the slit in each different colour is formed on the screen, and as the slit 
and each image may be as small as 4 mm., it will be seen that there is 
much less overlapping than in Newton’s original experiment, where the 
size of the pinhole image of the sun was 2^ in. This pure spectrum 
need not be any fainter than Newton’s spectrum, since quite a widely 
divergent beam will emerge from the slit if a large enough source is used, 
and all these rays are collected by the two lenses and go to form the final 
images of the slit in the various colours. It is interesting as showing 
Newton’s clear grasp of any problem that he suggested the use of a 
V-shaped slit, pointing out that a spectrum will be produced which will 
be very faint but very pure along the edge corresponding to the point 
of the slit and whose brightness will increase and purity decrease as we 
go down from one edge to the other in a direction at right angles to the 
length of the spectrum, Newton himself seems to have made very little 
use of the pure spectrum. The term dispersion is used to denote either 
the separation of white light into its constituent colours when it passes 
through a prism, or the variation of refractive index with colour which 
causes this separation. 


32. COLOUR IS NOT A MIXTURE OF LIGHT AND DARK 

Having established the facts that different colours have different 
refractive indices and that white light consists of rays of different refractive 
indices and therefore of diiferent colours, Newhon now proceeded to dis- 
pose of the view^ that colour is a mixture of light and darkness, the actual 
colour depending on the proportion of each constituent present. This 
idea probably arose because coloured light is usually less intense than 
white light and colours often occur at the edge of shadows, that is, at 

the meeting-place of light and darkness. 

His first experiment consisted in pioducing a spe<^rum on a screen 

bv sending a broad beam of white light on to a prism ABC (Fig. 52) and 
then passing the emergent beam through a small hole in a board on the 
side of the prism remote from the source of light, w'ith the result that 
each colour emerged from the hole in a different direction and a fairly 
pure spectrum was formed on the screen. A narrow obstacle, L, was 
then introduced into the beam of wdiite light incident on the prism. 
The reader should notice that the obstacle w'as introduced and the shadow 
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was produced before the white light was acted on by the pnsni. In 
this way the edge of the shadow could be produced at any point ^ ™ 
spectrum RV, and Newton showed that, at whatever point the shadow 
began or finished, the colour at that point remained the same. In other 
words, colour is not due to a mbeture of light or darkness or to effects 
occurring at the termination of light and shade, for the colour at a 
point of the spectrum remained the same however the position of me 
edge of the shadow was altered. He then introduced the obstacle so that 



its length was normal to the plane of the diagram and put it right into 
the middle of the incident beam so that a shadow was produced right 
in the middle of the spectrum, and again no effect was produced on the 


immediately 


Finally, he moved 


two 


light, so that only a narrow beam of light could pass between them. 
Again the narrow band of colour remaining on the screen was the same 
as the colour existing in that place in the absence of the obstacles. Another 
important conclusion can be drawn from this experiment : the hole in 



Fig. 53. 


the screen was situated at a place where the light emerging from the 
prism was still white light, and yet a pure spectrum was produced at VR. 
This proves that the spectral colours are already present in the white 
light and that they are not manufactured by the refraction w hen they are 
produced in the usual way. 

NeW'ton further verified this conclusion in an interesting w-ay by 
sending a narrow beam of white light on to a prism ABC, thus producing 
the usual spectrum on the lens L (Fig. 53). He arranged this lens so 
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AP ^ u on tke face 

AB of the prism was thrown on the screen PQ. This image was white 

since the lens brought the various coloured rays which diverged from the 

nninf T) fn Q ■fV'^r'no ry - ^ * Jr t ^ 

the point D again and so formed a white imaee 

1 - . 1 i* . * o 


point D to a focus 

of the point D. The same\hing happenedTr ;;;i;^;;TntVro^:cT 

and so a white image of the whole patch DE was produced at D'E' But 

if the screen was tilted into the position the whole image took on 

a yellowish hue or if the screen was tilted to P2Q2, the image assumed a 

biuisn tinge. 1 hese colours were produced without altering in any wav 

the edges ot the beam or the confines of light and darkness, thus showing 

tnat colour cannot be due to effects at such edges. The yellowish tinge 

seen in the position PjQi was due to the fact that the red and yellow 

rays being the least deviated struck the screen more obliquely than the 

remaining colours, and so were reflected the more strongly, the converse 
being the case when the screen is at P2Q2- 

33 , LIGHT OF A DEFINITE REFRACTIVE INDEX HAS A 
DEFINITE COLOUR CORRESPONDING TO THAT RE-- 


AND 


AND 


Newton was now able to take a very important step in his investigation 

01 colour in that he coisld replace a physiological sensation by a 
definite physical quantity, refractive index. A subject has hardly 

rt.,ciCjfied vile stage of a science until this has been done. For example, 
the study or heat hardly made any serious progress until the physiological 
scasatioii Oi iiOtness was replaced by the scientific quantity temperature. 
It is tme that the idea of temperature is ultimately based on a sensation, 
bill the more advanced scientific way of specifying a temperature leads 
to the possibility of dealing with a far wider range of temperature in a 
rar more precise way, and it ulpmarely leads to the scientific conception 
of temperature as the average speed of the molecules of matter. In just 
the same way we can hope to make much more rapid progress in the 
study of light, if we can replace the sensation of colour by the physical 
quantity refractive index, which is expressed in numbers. Newton 
proved this proposition by forming a spectrum in his usual way by 
sending sunlight through a narrow hole in a blind and he cast the spectmm 
on to a piece of black paper with a small circular hole in it \ in. in diameter. 
If one .particular colour was allowed to fall on the hole and was sent 
on to another prism, it was deviated by the second prism to the same 
extent as the first one if the conditions were identical and no new colour 
was produced by this second refraction. This showed that neither the 
refractive index nor the colour of the light was changed by the second 
refraction and the same thing was true of any number of refractions. The 
light of a definite colour and refractive index derived from a narrow 
portion of a pure spectrum is called homogeneous light or mono- 
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Newton verified this proof by 


chromatic light or a pure colour, 
ing through a prism the hole in the black paper on which the spect^ 
was cast. As he expected, the image remained circular and the colour 

1 1 TTToe rfam^*T-ofincy frnm tVie holc. It lOlloWS 


was 


therefore that the colours of the spectrum are the only homogeneous 
colours which can be obtained from white light. 


Newton 


mirrors 


from coloured bodies, although in this last case there is usually a decre^e 
in intensity of the light. For example, red light is reflected with intensity 
undiminished from a red paint, but with greatly decreased intensity from 

a blue one. 

Newton was well aware that the converse of the above proposition is 
not necessarily true. That is, light of a definite colour may not have a 
definite refractive index, although its colour is the same as that of a 
homogeneous light. This is due to the fact that such a colour may be 
produced by adding a number of homogeneous colours. He showed 


illuminating 


same 


But if the circle 


two images 


other green, in the places where they did not overlap. Newton saw the 
bearing of this on the blurred images produced by telescopes, for he viewed 
flies, print, and other small objects through a prism. WTien they were 
illuminated with homogeneous light, they were sharplv focussed, but 
when they 

coloured. The experiments in this article are important in that they 
form yet another refutation of Grimaldi’s suggestion that rays of light, 
of whatever colour, are diffused or spread out when they pass through a 
prism. This is shown to be quite untrue for homogeneous light. 


and 


34. AN ATTEMPT TO FIX NATURAL COLOURS 

As we shall see below, Newton realised that the blurred images pro- 
duced by telescopes of large magnifying power were due to different 
colours having different refractive indices. If this defect is to be removed, 
it will be necessary to find substances which separate two given colours 
to the same extent while producing different deviations of the spectrum 
as a whole. So it was natural that an attempt should be made to fix 
definite colours in the spectrum, although it appeared to show a continuous 
variation from red through green to violet. In doing this Ne\ston used 
a method which is of common application in Science ; he used the 
known to help him to interpret the unknown. It is known that the 
lengths of a vibrating string sounding the notes of the diatonic scale are 
in the ratio of 1, f y, y, Newton asked an assistant, who was 

more sensitive to colour than himself, to divide the spectrum into its 
constituent colours, and he then found that the lengths of the spectrum 
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m^sured from the origin O (Fig. 54). which is twice as far from the 

Violet end as the red wer#* ir. 


same 


, ' irtuu OS iflc icngtiis ot 3 . viDratina 

string sounding the notes of the diatonic scale. It was quite natural if 

view of the limited range of material at his disposal and the fart^t’ no 

ther way of producing a spectrum such as the diffraction grating had 

yet been discovered, that Newton shouid attach some real ScimS 



Fig. 54. 



to this result. In view of the much greater body of evidence now at out 
disposal, we know that there is no theoretical significance in this sub- 
dnusion of the colours ot the spectrum, but it was quite a sound way of 

trying to fix different colours at that time with a view to comparing the 

dispersions of different materials. 


35. THE COLOURS OF NATURAL OBJECTS AND LIQUIDS 

Newtop proceeded to give a clear explanation of the colours of solid 

ooaies and of liquids. A red body looks red because it reflects only red 

light, or reflects this colour much more copiously than any other. This 

view IS not quite correct, since we know now that a slab of smooth sealing- 

wax, for example, reflects white light regularly without producing any 

It IS more true to say, as Newton did in explaining the colour 

of gold both in bulk and in thin films, that a red body looks red because 

the v/hite light penetrates a thin surface layer before being reflected, 

and this surface layer absorbs most strongly all colours but red. Thus 

we see the difference between the old and new views. On the former, a 

body looks red because it tinges the white light with the red colour, 

as It were ; it gives something to the white light. On the latter, it takes 

something azvay front the white light to reveal the red colour which is 

m the white light all the time, 'i'his view also explains why a red body 

ooks a bright red if viewed in homogeneous red light; whereas it looks 

a very faint blue if illuminated with homogeneous blue light. In the 

second case, it absorbs very nearly all of the kind of light falling on it 
and so looks faint. 

A blue liquid looks blue in the same way because it absorbs every 
colour except blue, as can easily be seen by forming a spectrum in the 
usual way and putting a tank of the liquid somewhere between the source 
and screen. Every colour in the spectrum will be missing except the 
blue. It is now possible to buy special filters, known as Wratten filters, 
which absorb all the spectrum except a very narrow region. Gold looks 
yellow because it reflects a narrow region round and about the yellow ; 


The Nature of White Light 79 

there is no question here of the light entering a very thin surface layer 
and all the colours but yellow being absorbed ; the proce^ is one of 
selective reflection and the remaining colours are absorbed in the body 
of the gold. But if a thin film of gold is viewed in transmitted light it 
looks blue-green, the complementary colour to yellow, since the absorption 
of the colours other than yellow is only partial with thin films. 

36. COLOUR BY ADDITION 

We have already seen that to each refractive index there corresponds 
a definite colour, called a homogeneous colour, which cannot be changed 
by reflection, refraction, or any other process. But the converse pro- 
position is not necessarily true, as was well knowm to Newton. This is 
due to the fact that when tw'o homogeneous colours are added, a third 
homogeneous colour may be produced. For example, if two circular 
patches of homogeneous red and green light are cast on a white screen 
and made to overlap, the overlap will appear the same colour as homo- 
geneous yellow, if the intensities of the two patches are properly adjusted. 
So a new colour is made by allowing the eye to be acted on by two homo- 
geneous colours simultaneously. This should be contrasted with the 
result of mixing two pigments or two filters ; if a red and green filter are 
placed in a beam of white light, the resulting colour is black because 
the red filter absorbs every colour but red and the green one every 
colour but green, and so the two together absorb every colour. If red 
and green pigments are mixed, the result is a dirty brown. Again, if 
yellow and blue patches are cast on a screen, the colour in the overlap 
is white, if the intensities are suitably adjusted. But yellow and blue 
pigments mixed giv'e green, the only colour which neither pigment 
absorbs. These results are quite in accordance with Newton’s view' of 
colour, but they cannot be explained on any chemical theory. Finally, 
the addition ot two homogeneous colours may produce a colour which 
is not to be found in the spectrum at all. For example, if pure red and 
violet are added the result is purple, which does not appear in the spectrum. 
Newton was able to suggest a rule from which tlie colour produced by 

mixing two given homogeneous colours can be predicted when the 
intensity of the colours is given. 

The fact that a given pure colour, such as yellow, can be produced 

either by spectral yellow or by the addition of two or more pure colours 

of suitable intensities suggests that the mechanism by which the eye 

detects colour is very different from that by W'hich the ear detects pitch. 

It requires a source of frequency 256 c.p.s. to produce the pitch known 

as middle C and it note of frequency 258 c.p.s. will not be accepted In the 

ear as middle C, nor will any combination of pure notes be accepted, as 

the ear will detect the separate components. , This problem cannot 

con\enientl\ be discussed now, and so it will be postponed until the eve 
is fully treated in Chapter 7. 
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37. THE SYNTHESIS OF WHITE LIGHT 

There is only one link needed to complete the chain of evidence in 
favour of Newton’s view of colour, and that is the synthesis of white 
light from the spectral colours and the proof that, in making white light 
those colours do not react with one another in any way. Newton did 
this by forming a spectrum in the usual way by sending sunlight through 
a small hoie^in a screen on to a prism Pj and so forming a spectrum on 
the lens L (Fig. 55 ). This lens was placed so that it formed a real image 
A2B2 of the patch AjEj of the prism Pj illuminated by the incident light. 
A second prism P2 was placed so that A2B2 falls on its second face and it 
was turned so that all the rays were rendered parallel after emerging 
from it, and so an the spectral colours were recombined after emerging 
from this prism. For the ray of white light striking Aj was split up into 
the spectral colours by the first prism and these colours were all brought 
to a focus at the point A2 by the lens L. Their directions were all different 
though, and so they were passed through a second prism, which bent the 



viOiCt more than the red and made the directions of all the rays the same, 
w’hile keeping them coincident. Hence the rays from any point within 
AjBj emerged from the second prism at the same point and in the same 
direction, and so a beam of light was made which was composed of the 
spectral colours. Some little adjustment of the distance of the second 
prism from the lens was needed to get a beam of white light untainted 
by any colour. This beam looked the same as sunlight, and all the 
experiments which had been performed with such light could be per- 
formed with this artificial sunlight and yielded the same result. Finally, 
it was shown that the spectral colours do not react in any way with one 
another when making white light, but maintain their independence, by 
placing a screen at L so as to cut out, say, the red. The colour of the 
synthesised beam changed, of course, but the important thing is that, if 
the beam emerging from the second prism was analysed with a prism, 
its spectrum was found to be deficient in red. This was true of any and 
every colour in the spectrum and so these colours maintain their inde- 
pendence, even when they are all present together producing the effect 
of white light. 

Thus Nev/ton established by experiment and observation that colour 
is not something given to white light by the body, from w’hich it is reflected 
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or through which it has passed ; it is not a mixture of light and darkness, 
nor is it a kind of chemical compound of two or three elementary colours. 
He had proved that white light consists of a set of independent pure 
colours, each characterised by a refractive index, which is invariable 
for a given substance and which cannot be changed by ' reflections or 
refractions. These colours do not act on one another in any way when 
producing white light, which is due to t\ieir simultaneous action on the 
eye. The colour of pigments and liquids is due to theit absorbing one 
or more of these pure colours from the incident white light, the remaining 
colours adding either to another pure colour or to some colour which 
is not in the spectrum. 


38yt2HROMATIC ABERRATION AND NEWTON’S ATTEMPT 



The cause of the blurred images in telescopes is now quite apparent. 
We have already seen that a lens brings blue light to a focus at a different 
place from red light and so, if a beam of white light is incident on a lens, 



Fig. 56. 


each colour will come to a focus at a slightly different place and a blurred 
image will result. For example, if a beam of white light parallel to the 
axis of the lens PQ falls on the lens (Fig. 56), the violet rays will come to 
a focus at V, while the red rays, being less refrangible, will come to a focus 
somewhat further from the lens at R, the other colours each having 
their own foci at intermediate points. So a violet point in the centre 
of a red ring will be seen on a screen at V and the converse on a screen 
at R. Also the best focus which is obtained from this beam, which 
comes from a point object at infinity, is the circle of least confusion 
ACB formed by the intersection of the rays diverging from V with those 
converging on R. The same is true of a point object at a finite distance 
from the lens and also of the collection of point objects into which any 
object of finite size may be analysed, and so the images of all such objects 
formed by a lens will be blurred and usually coloured to some extent. 
This defect in the image formed by a lens due to the variation of refractive 
index with colour is called chromatic aberration, and its existence 

can be proved in another way which enables an estimate of the diameter 
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of the circle of least confusion to be made. The focal length of a lens 
is given by equation (11) 


n 


1 


/ 




1 1 

ri r2 


Considering only the case of lenses in air, Wi = l and ^2 be written 
as n and denotes the refractive ii^dex of the material of the lens for sodium 
yellow light. Calling the refractive index for violet and red light and 
Hr respectively, the focal lengths /„ and fr of the lens for the same two 
colours respectively is given by 

1, /II 
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mentallv. 
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we have 
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( 20 ) 
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(Fig. 56). 


.Assuming that C bisects VR, which is nearly true, 

(nv—Tir) f 
2(n— 1) fr 

Putting fr—f, we have the following approximate expression for the 
diameter of the circle of least confusion : 



AB 


ftv—nr 


n 


PQ 
1 / ' 2 


( 21 ) 


So the diameter of the circle of least confusion is determined by the 

diameter of the lens and by the quantity ^ which is called the 

dispersive power of the material of the lens. The existence of the 
circle of least confusion is due to the variation of refractive index with 

colour, which is known as dispersion, and the expression r- measures 
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this property of the medium in numbers. Taking a typical case, a tele- 
scopic objective of crown glass for which PQasZO cm., n=l'55, n„=l*56. 


«r 


1-54, 


AB 


0-02 20 
0-55 * y 


0*36 cm. 


spherical 


diameter (Art. 45) and so the blurred images of telescopes 


largely to chromatic aberration 
that they are not more blurred. 


• * 


;w ot tins result, it is surprising 
s Newton pointed out, the above 
limits of the spectrum, whereas 
arrower reerion bounded bv the 


and 


will 


amount of blurrine consistent with 


eliminating 


suggests 


same 


which will have the focus for violet rays nearer to the lens than that for 
red rays. So, if the converging lens is combined 


with 


opposite 


shows 


pensate out each other. Equation 
power of the materials of the two lenses is the same, the numerical value 
of their focal lengths will also be equal. In that case they will be equivalent 
to a parallel-sided glass plate and will cease to act as a lens ; in other 
words, in eliminating the dispersion, the deviation has also been destroyed. 


same 


achroirratic 


9 

lens, and the only way to produce one consisting of two lenses in contact 
is to find two materials of different dispersive pOwer. This was a difficult 
thing for Newton to do, because of the difficulty of fixing definite colours 
in the spectrum. For example, if tic and tir are taken to be at the extremities 
of the spectrum, it is impossible to measure them accurately, since the 
lirnits of the spectrum are not accurately defined. It was possibly for 
this reason that Newton suggested the division of the spectrum into 
colours, which has been noticed above (Art. 34), but this is hardly any 
better, since the division cannot be made without fixing the limits of 
the spectrum first. At all events, Newton came to the conclusion that 
the dispersive power of all materials is the same. This statement is based 
on measurement and, in criticising it, it must be remembered that the 
measurements were difficult because of the absence of definite colours 


to work with and also there was a much smaller range of materials at 
Newton s disposal than is the case now. So New'ton gave up the attempt 
eliminate chromatic aberration from refracting telescopes and turned 
his attention to reflecting telescopes. 
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EXAMPLES ON CHAPTER IV 


1 . IVace clearly the steps by which Newton replaced the physiological sensation 
of colour by a physical quantity, refractive index. Discuss the bearing of this on 
the. cause of the blurred and coloured images of telescopes. 

2. Discuss Newton’s experiments on the constitution of white light and state 
concisely the results he obtained. 


3, Write a short account of experiments designed to show that white light 
may be considered to be a mixture of coloured lights. 

Solutions of two dyes A and B are examined in a spectroscope. A transnaits 
light in the spectral ranges 6500 A.U. (red) to 4800 A.U. (green), and B transmits 
in the ranges 5000 A.U. (green) to 4000 A.U. (blue). Describe and explain what 
you would expect to see with the naked eye in ^e following cases : 

(a) White paper is dyed in a mixture of A and B and illuminated with white 
light. 

(b) White paper is dyed in A and illuminated with light which has passed 
through B. 

(c) White paper is illuminated simultaneously with two beams of light, one of 
which has passed through a solution of A and the other through a solution of B. 

(d) White paper is illuminated with light which has passed in succession through 

a solc.tion of A and a solution of B. {Camb, Schol.) 


4. V; h?.t is meant by dispersion in the case of light, and how is it related to the 
velocity of propagation of light in material media ? 

lyighl troiTi a blight star is observed to be cut off by the dark limb of the moon. 
Discuss the effect of dispersion in the earth’s atmosphere in producing possible 
colotu effects! at the instant of eclipse. How long will these effects last if die differ- 
ence of the refractive indices of air of standard density for blue and red light is 
8 10'“'^ and the atmosphere is lejiarded as of uniform standard density equal to 

10 " 4 of that of mercury ? {Camb. Schol.) 


5. Explain three of the following r 

(a) The colours seen round the edges of the images of objects viewed through 
a telescope made with ordinai'y (uncorrected) lenses. 

(b) The colour of the setting sun.. 

(c) The change in the colour of objects when they are taken from daylight 

into artificial light. 

(d) The similarity of the colours of the light emitted by a sodium dame and an 

amber traffic signal and the difference between their spectra. {N.U.y.B.) 

6. A point object is placed on the axis of an equi-convex lens 30*0 cm. from its 
centre. The radius of curvature of each face is 20-0 cm. and the refractive index 
of the glass is 1-635 for red light and 1-650 for violet light. Find the position of 
the red image and the violet image and the approximate diameter of the circle of 
least confusion, if that of the circular outline of the lens is 6-3 cm. 


Chapter V 


THE MEASUREMENT OF REFRACTIVE INDEX; 

SPECTRA; THE PRODUCTION OF 

ACHROMATIC LENS ES 

t 

39. THE SPECTROMETER 


It is evident that the measurement of the refractive index of materials 
for different colours and the examination of spectra is going to be impor- 
tant in this matter of eliminating chromatic aberration, and the spectro- 
meter is the instrument which is used for these purposes. The general 
law of refraction is given by the equation 

sin *1 = n2 sin 

but, since the refractive index relative to air is usually measured, we 
shall put «! = ! and write «2 Jia «, the refractive index of the material 
relative to air, when the equation becomes 


sm ii = n sin *2 

So the measurement of the refractive index of a material involves measur- 
ing the angles of inclination of light of a given colour both in air and the 
material. This could be done directly using a slab of the material, but, 
in the spectrometer, a prism 
is used, and it is found 
more accurate to measure 
two other angles, the angle 
of the prism and the angle 
of minimum deviation of 


the 


colour when 



given 

passing through the prism, 
from which the above two 
angles, and hence the re- 
fractive index, can be de- 
duced in the following way. 

If a ray of light is sent 
through a prism and its 
deviation is measured for 
various values of the angle of inclination in air at the first face of the 
prism, the graph of deviation and angle of inclination takes the form shown 

• - 57 . 


in 


Fig. 


There is one angle of inclination for which the deviation is 
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a minimum. 


It follows from the principle of the reversibility of rays of 
light, that the ray of minimum deviation passes through the prism 
symmetrically, so that the angle at which it emerges from the prism is 
equal to the angle at which it enters. For if it did not, and the ray of 
light were reversed, it would retrace its path and still pass through the 
prism at minimum deviation but with a different angle of inclination, 
which is contrary to experience. Let EFGH represent a ray of light 
of refractive index n for the material of the prism passing at minimum 
deviation through a prism PQR of angle A (Fig. 58). If 6 and *2 are the 



angles of o iclination m air and the prism respectively, the angle of mini 


tnum deviation D is given by 


9 

« « 


D=.zlLFG-hzlLG,F 

D = 2u - 2u 


But 


2i 


TT 


ZFKG 


A, since PFKG is a cyclic quadrilateral 



So the measurement of the angle of the prism and the angle of minimum 
deviation, at which the light of given colour passes through it, serves to 
give the angles of inclination of the ray in air and the material of the 

prism, and hence its refractive index for that colour. 

The spectrometer is an instrument designed for the purpose of enabhng 
these and other such angles, which may be needed in measurements on 
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spectra, to be found. It is essentially an instrument for producing spectra 
and measuring angles. It consists of a telescope T, a turntable B, and 
a collimator C, which is mounted on a base which rests on the bench 
(Fig. 59). The turntable and telescope rotate about a common axis 
passing through the centre of the turntable normal to its plane and 
both the axis of the telescope and the collimator pass through this axk 
of rotation and are at right angles to it. A circular scale L marked off in 
degrees is attached to the telescope and verniers V reading on this scale are 
attached to the turntable, and so the angle through which either the tele- 
scope or the turntable has been turned, while the other has been kept fixed, 
can be measured. The source of light whose spectrum is to be examined, 
say ordinary white light, is placed so as to illuminate the slit of the colli- 
mator, which is in the focal plane of the collimator lens. The light from 
any one point of the slit emerges from the lens as a parallel beam and is 
refracted by the prism P standing on the turntable B so as to produce 
a parallel beam for each colour travelling in a slightly different direction. 



Fig. 59. 


Instead of casting the spectrum on a screen, it is observed through the 
telescope T, which is turned so as to receive the light emerging from the 
prism, and each parallel beam is brought to a focus at a different point 
in the focal plane of the objective. This is done for every point of the 
slit and so a set of images of the slit in all the colours of the spectrum are 
produced in the focal plane of the objective. That is, the 


pectrometer 


forms 


magnify 


spectrum and enable more detail to be seen than is possible with the 
unaided eye. 

Let us imagine that the refractive index of a given material for sodium 
yellow light is to be measured. Before this can be done, a number of 
adjustments have to be made to the spectrometer. 


and 


focus the cross-wires bv moving the evepiece relative to them. 

(h) hi ove the cross wires and eyepiece relative to the objective, so that 
distant objects are sliarply m focus and coincide with the cross wires 
without parallax Jt is essential to view the objects without a plate-glass 
-vu-.d. A between them and the spectrometer, otherwise it is impossible 
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to get a sharp focus. This adjustment ensures that parallel ra 
the telescope come to a focus at the cross wires. 

(c) The slit is now illuminated with sodium yellow light from a sodium 
lamp and the telescope is turned to point towards the collimator, so that 
an image of the slit can be seen. It will not, in general, be in focus. 
The slit is then moved relative to the collimator lens, until it is sharply 
in focus. Since the telescope has been adjusted, so that parallel rays 
come to a focus at the cross wires, it follows that the rays from any one 
point of the slit are emerging from the collimator lens as a parallel beam 
and are iherefore coming to a focus at the cross wires, and therefore the 
observer sees the slit in focus, since the eyepiece has been focussed on 
the cross wires. 

1 he spectrometer is now ready for use and a prism of the given material 
Is placed on the turntable with its refracting edge normal to the plane 
of the table. The telescope is turned, until the refracted light is received, 
v\ hen an image of the slit w'ill be seen, and the prism is turned by rotating 
the turntable, until the image reverses its direction of rotation. The 
setting at v/hich this reversal occurs is the position of minimum deviation, 
uiid, when it has been found, the telescope is turned so that the vertical 
cross wire coincides with the centre of the image of the slit as it reverses, 
the sht being made as narrow as is consistent w'ith being able to see its 

The reading of the vernier V on the scale L is taken and the 
prism is turned round, while keeping the turntable fixed, so as to deviate 
the light to the opposite side of the collimator and the reading of the 
telescope is taken for this second position of minimum deviation. Half 

the difference between these two readings 
is the angle of minimum deviation. 

The angle of the prism is found by 
turning it so that the refracting edge points 
towards the collimator and turning the 
telescope to receive the beam of light 
reflected from one face of the prism. A faint 
image of the slit by reflection in one face of 
the prism will be seen and the telescope is 
moved, until the vertical cross wire coincides 
with this image, and the reading of the 
vernier is taken. The telescope is then 
rotated, until the vertical cross wire coincides 
ith the image of the slit produced by light reflected from the other face 
of the prism, and the vernier reading is again taken. The angle of the 
prism is half the difference between these two readings, hor consider a 
ray reflected from the face PQ of the prism PQR (Fig. 60). If the prism 
is rotated into the position PQ'R', so that RFQ' is a straight line, the 
ray reflected from PQ' will be parallel to that originally reflected^from PR. 
Since the reflecting surface PQ has been rotated through 180 —A, the 


Lrnaoe, 



wi 
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reflected ray has been turned through 360® — 2A, and therefore the le^t 
angle between the rays reflected from the faces PQ and PR is 2A, which 
is the difference in the two readings of the telescope. By substituting 
the values of the angle of minimum deviation and the angle of the 
prism in equation (22), the angles of inclination of the least deviated 
ray in air and the given material can be obtained and so the refractive 
index of the given material for sodium yellow light can be calculated. 


40. CONTINUOUS, LINE, AND BAND SPECTRA 

Newton found it difficult to measure the dispersive power of materials 
because of the absence of definite colours in the spectrum, but the reader 
will be familiar with the sodium yellow light, which has been mentioned 
in the previous article in connection with the measurement of refractive 
index, and it is now time to learn how Newton’s difficulty was overcome. 
The fact is that there are three kinds of spectra : continuous spectra, 
line spectra, and band spectra. Newton was only familiar w’ith the first 
of these, which is produced by any incandescent solid and consists of a 
continuous band of colour from the red to the violet end of the spectrum. 
A line spectrum is produced when an element is made to emit its character- 
istic light ; this can be done by vapourising it, as, for example, when a 
piece of asbestos soaked in common salt solution is put in a bunsen 
flame, when it emits the well-known yellow light due to the element 
sodium. The spectrum of this light consists of two lines very close 
together in the yellow, called the D lines, no other visible light being 
emitted. A better source of sodium yellow light, or D light, is the lamp 
with two electrodes in the form of filaments, containins some sodium 


and a little argon. 


lamp 


each filament in series and the electrons emitted ionise the argon and 
render it conducting. The current is then made to pass through the 
gas from one filament to the other, the heat generated vapourising the 
sodium, which ultimately carries practically all the current. The sodium 
atoms are got into an excited state in this way, and in returning to their 
normal state they emit their characteristic D light. The gas hydrogen, 
and other gases such as argon, helium, and neon, can be made to give 
out their characteristic light by filling a tube with the gas at a suitably 
low pressure of a few millimetres of mercury and passing an electric 
current through the gas. All these gases give line spectra urtder these 
conditions, the hydrogen spectrum consisting of a line in the red, one in 
the blue green, one in the violet, and one in the extreme violet. Photo- 
graphs of some spectra are shown in Plate VI, but the reader is advised 
to see as many as possible of them for himself. The important thing to 
realise is that here is the solution of Newton’s problem supplied by 
Nature herself : the elements give sharply defined colours at a fixed 
point in the spectrum, which is just wffiat Newton was seeking. Moreover, 
as we expect, the refractive index of hydrogen red light is always the same 
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for a given material. Further work on line spectra, which will be dis- 
cussed in Chapter 16, has shown that they are produced by atoms. 

Further investigation of the spectra of substances revealed a 
different kind of spectrum. If a tube is filled with nitrogen at a suitably 
low pressure and an electric current is passed through the tube, the 
spectrum of the light emitted is shown in Plate VI and has a fluted appear- 
ance. It is called a band spectrum, because it consists of a set of bands, 
which are diffuse at one side and end sharply at the other. Further 
Investigation of band spectra with instruments of high resolving power 

143) shows that each consists of a set of lines very close together, 
the separation of the lines decreasing as the sharp end of the band is 
approached. It is not possible to detect the individual lines with a prism 
spectrometer, as 
such spectra are 

due to the nitrogen molecule, another good example being the spectrum 

of the compound cyanogen. 


they are too close together. It will be shown later that 
due to molecules, the nitrogen band spectrum being 


41, TB.£ FRAUNHOFER LINES 

Ahhougii Newton saw quite clearly how to produce a pure spectrum 
ifid did indeed make one, he seldom used it in his experiments on colour, 
preferring to use a circular aperture as his source, which gives a pure 
apectrum only at the top and bottom of the band of colour. It is natural 


that later 


investigators should work with a pure spectrum, as the view 
■nor e dearly emerged that white light consists of a set of lights of different 
refractive iridc^i, and it was therefore desired to separate the different 
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kinds of ligrht as completely as possible. In producing such a spectrum 
osmg sunlight, Wollaston rxoticed in 1802 that it was crossed by a number 
of dark lines, but he offered no explanation of the phenomenon, which 
therefore went, unnoticed for a time. In 1814 Fraunhofer, who was 
working in an optical firm in Munich and was particularly interested m 
the construction of good achromatic telescopic objectives, set up a pure 
spectrum using sunlight. This was one of a series of experiments designed 
to tackle Newton’s old problem of fixing definite colours in the sp^rurn 
in order to get an accurate measure of the dispersive power of “uteren 
materials, and to his surprise he saw that the spectrum, instead ot being 
a continuous band of colour from red to violet, was crossed by a a g 
number of dark lines. The appearance is represented tn hig. oi an 
can readily be obtained in the laboratory by pointing the sli 
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spectrometer at the sun. Fraunhofer observed 576 of these Imcs 
and gave them letters after discovering that they always occurred in 
the same place in the spectrum. He also satisfied himself that they 
did not occur at the boundary between two colours, as was suggested at 
first, because the colour on the two sides of any particular line was always 
the same. No doubt the idea that the spectrum consists of a finite number 
of separate colours arose from Newton’s attempt to separate the spectrum 
up in this way, but Fraunhofer’s discovery finally disposed of this idea 
and proved that sunlight consists of a set of different kind of lights, 
whose refractive index shows an infinite variation between two given 
limits. Fraunhofer was not able to explain the significance of these dark 
lines, although he did show that the D line in the yellow coincides in 
position with the yellow line emitted by sodium. He did this by arranging 
for one-half of the slit of his spectroscope to be covered by an image of 
the sun, while the other was illuminated by sodium yellow light, so that 
the two spectra appeared one above the other. He observed the spectra 
through a telescope and saw that the bright yellow line in the sodium 
spectrum coincid^ exactly with the dark line which he had called D in 
the solar spectrum. This is why sodium yellow light is usually called 
D light. But Fraunhofer at once saw that his discovery had solved his 
difficulty, for he could use the dark lines as defining definite colours or 
places in the spectrum and so he could get an accurate measure of the 
dispersive power of different materials and improve the achromatism 
of his telescopic objectives. The dispersive power of a material is now 


defined as 


nF—»c, 
no —1 


where ric, ny, and no are the refractive indices of the 


material for the C, F, and D lines in the solar spectrum respectively. 

The D line is chosen as giving the mean refractive index of the material 

for the whole spectrum, and the C and F lines, in the red and blue-green 

respectively, are chosen because they cover the part of the spectrum to 

which the eve is most sensitive. 

•» 

Before discussing in detail how achromatic lenses can be made, tlie 
physical significance of the Fraunhofer lines will be dealt with. It was 
soon discovered that not only was the D line identical in position with 
the yellow line in the sodium spectrum, but that the C, F, and H 5 
lines are also identical in position with the four lines in the emission 
spectrum of hydrogen, and that the H and K lines in the violet agree 
with two lines in the spectrum of calcium. This work was continued 
until the majority of the 576 lines discovered by Fraunhofer were identified 


as coinciding with emission lines in the spectra of sodium, hvdrogen, 
calcium, iron, barium, magnesium, manganese, chromium, nickel, cobair, 
aluminium, zinc, and copper. The explanation of this striking result 
was hually published by Kirchhoff in 1859, although it is in the notebook of 
a studern attending Kelvin’s lectures five years earlier, which can still be 
sct n at ( dasgow ; it is said that Kelvin refused to publish tlic result as he 



A Text-Book on Light 


[chap. V 


considered that Stokes really originated the idea, but Stokes insisted on 
being equally modest. Kirchhoff put a bunsen flame between the slit of a 
spectrometer and the sun and placed a piece of asbestos soaked in common 
salt in the flame. The D line in the solar spectrum was darker when 
the sodium flame was there than in its absence. He then replaced sun- 
light by a source of white light and observed the usual continuous 
spectrum ; when the sodium flame was placed between the source of 
white light and the slit of the spectrometer, a dark line appeared in the 
same place as the D line in the solar spectrum. If the white light was 
removed, the dark line changed to a bright yellow line. It is evident 
that this dark line is due to the fact that sodium vapour absorbs just 
that light which it emits and no other ; the line is not absolutely dark 
but only relative to the bright background produced by the white light, 
and, as soon as this background is removed, the sodium produces a bright 
yellow line. It follows that the line will only look dark if the sodium 


otherwise it will be emitting 


own 


light is emitting. This view of the dark line in the continuous spectrum 
was verified by filling a tube witli cool sodium vapour in hydrogen ; 
when the tube was viewed through a source of sodium light it appeared 
dark, whereas through a source of white light it appeared bright. Dark 


spectrum 


an be nrodoced m the same 


absorption spectrum. The explanation of the Fraunhofer lines is now 
clear. The central portion of the sun is so hot that it gives out white 
ligiit, which would produce a continuous spectrum. But this central core, 
the photosphere, is surrounded by an atmosphere consisting of vapours 
of various eicments at a lower temperature than the photosphere ; these 
elements absorb just those colours which they emit, and so the continuous 
spectrum is crossed by a set of dark lines identical in position with the 
emission lines of these elements. Kirchhoff supported his experimental 
results by the law named after him, which he derived from the 
second law of thermodynamics, that the ratio of the emissive power to 
the absorptive pov/er of a substance for any given kind of light is the 
same for all substances. This means that, if a substance fails to emit 
certain colours, it will not absorb them at all ; also it will absorb those 
colours which it emits. So, if a layer of cool sodium vapour is placed 
between a source of white light at a higher temperature and the slit of 
a spectrometer, it will absorb the D light, allowing the rest to go on. Of 
course, it follows from Provost’s theory of exchanges that the cool 
sodium vapour will be so excited by the absorption of D light from the 
incident light, until it emits as much as it is absorbing. But this emission 
occurs equally in all directions, and so the amount of D light restored 
to the original beam is less than taken from it when equilibrium is estab- 
lished, and so a dark line appears in the spectrum in the yellow. It should 
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be noticed that this line is not absolutely dark, as the vapour is sending 
some D light on to the slit of the spectrometer, but it is not sending the 
full amount emitted by the source. If the sodium vapom is at the s^e 
temperature as the source of white light, no dark line will be seen, since 
the sodium vapour is already emitting as much D light as the source of 


takes 


beam in the direction 
away. So the Fraunhofer lines prove that the sun 
atmosphere cooler than the interior of the sun. Also t 
absorption spectrum clearly 


substance as much cooler than the source of white light as possible. 

The discovery that each element has its own characteristic line or 
band spectrum and that only a very small mass of the element is needed 
to produce its spectrum suggested the possibility of the discovery of new 
elements by means of their spectra. The method consisted in causing 
salts of known elements to emit their spectra, which were then carefully 
examined. If any lines were discovered which did not appear in the 
spectra of known elements, this suggested the presence of a new element 
in the salt, which could then be isolated chemically. It is interesting 
to notice that this sensitiveness of spectroscopic analysis obstructed 
its progress at the beginning. The first line - spectrum to be dis- 
covered was the yellow line now known to be due to sodium, and it is 

estimated that only of a milligram of the element is necessary to 


produce this line in a spectrum. The result was that the D line appeared 
in nearly every spectrum, and this made it difficult to find the element 
which was responsible for it. The test was too sensitive ! But this 
method of searching for new elements led to the discovery of caesium, 
rubidium, and thallium, all of which were afterwards isolated chemically, 
The method was finally applied with success to the solar spectrum itself 
by Lockyer. He observed certain dark lines, which could not be identified 
with those of any known element which had been produced in the 
laboratory, and he eventually came to the conclusion that they were due to 
a new element, which he called helium, which means the sun substance. 
Some years later the element was separated from the mineral cleveite and 
it is also found in certain natural waters and hot springs. The a-particles 
emitted by certain radio-active elements are helium nuclei. Helium is 
of great importance commercially as it is used to fill airships, being 

preferable to hydrogen on account of its much greater safety, its buoyancy 
being little inferior to that of hydrogen. 


42. ACHROMATIC AND DIRECT VISION PRISMS 

Newton’s statement, that the dispersive power of all materials is the 
same, has been disproved hv the, disrnveg^f line spectra, thus enabling 
definite' roIoursTo^ employed for the mealufem^t of the refractive 
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index and dispersive power of materials. No doubt also a wider range 
of materials was at the disposal of his successors than was available to 
Newton. This reversal of Newton’s statement is no reflection on his 
genius ; his conclusion was a sound one in the light of the materials 


disposal 


experimental 


continually being revised in the progress of science^ the revision of 
facts being due to increased experimental skill and the overthrow of 
theories to the discovery of new facts, which cannot be embraced by the 
older theories. It is therefore possible to construct 


an 


but, before proceeding to discuss how this can be done, the case of an 
achromatic prism will be treated. 

wn glass and flint glass 

prlsm^iTc^tact designed so that all colours are deviated through the 


same angle and so a beam of white 


emer 


from 


prism as 




If a beam of white light is sent 




a prism ot crown glass, 
a spectrum and let the deviations for a colour in the blue, 
e in the red, and for the D line be Sj, S 2 , and 8 respectively. Then 


it pro 



S 




% 




>r n 


Si is called the dispersion oi the given prism for the two given colours, 
ineasures how much the two given colours are separated by the 


orisru. This quantity depends bo th on the colours and also on the 


a 


Dgle 


aiidTbri the angle at which the incident light strikes 


I'o p\ii u m 'andtfier way, it depends~^n the angle through which the 
beam as a whole has been deviated, and the greater this angle, the greater 
the dispersion of die two colours. If a quantity is to be formed which 
is a measure of the dispersive power of the material of the prism, a quantity 
characteristic of the material but independent of the dimensions of any 
particular prism, the dispersion of the two colours for a given deviation 
of the D line must be chosen. The unit deviation is selected, and so 
the dispersive power of a material for two colours is the dispersion 
of those colours per unit deviation of the D line. That is, the 


dispersive power, a>, is given by 





OJ 


^1—^2 

8 


/ 


(23) 


Unfortunately it is found that even this quantity varies with the angle of 
the prism, if it becomes large, but, if only prisms of small angle and rays 
incident at small angles are considered, the expression is constant. For, 
if a is the angle of the prism and n, Wj, and W 2 are the refractive indices of 
its material for the D line and the colours in the blue and red respectively, 

from equation (14) 

S.=(«i— l)a, 82 =(n 2 — l)a» 8={w— l)a 


the prism being in air. 


• « 


Sj_82=(«i — «2)a 


. OJ 


^1 — ”2 

«-l 


% 

♦ 


( 24 ) 
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This quantity is constant for a given material and, since it is equal to the 
dispersion per unit deviation for the two coloure produced by prisms of 
small angles, it is taken as defining the ^ispersive power of the material 

for t he two given colours. ^ „ 

TtlTnow required to find the angle ol' of a prism of flint glass of dis- 
persive power tx}*t which will form an achromatic combination with the 
above crown glass prism. This means that the two gi\en colours are to 
be deviated through the same angle by the combination of prisms, but 
that some deviation of the D light must remain. Flint glass ha s a greater 
refractive index and dispersive power than crown glass. If the refractive 
index of flint glass for the three given colours is denoted by the same 
letters as before with a dash, then the deviations 82 > ^ blue, 

red, and the D line respectively are given by 

8i' = (ni'-l)a', 82 '-(n 2 = 

For achromatism 

8i-|-8i's=82+S2"- 

(«!— l)a'=(n2“-l)a+(«2'— 0*' 

(«i— n2)a-f (ni'— n2')a'=0 (25) 

from which a unique value of a' is determined, the negative value indicat- 
ing that the second prism must be placed with its refracting edge pointing 
in the opposite direction to that of the first prism, so that it deviates the 
light in the opposite sense. To show that this destruction of dispersion 
does not destroy deviation, the deviation of the D light in each prism is 
given by 

8=(n-l)a andS' = (n'-l)a' 

Substituting these values of a and a' in equation (25) 

( 1 \ ^ I / r 1 \ ^ ^ 

(n-l) (n-1) 

a>S4'Cu'8'=0 


That is, if co=co\ 8-f-8'=0 and so in destroying dispersion, deviation is 
also destroyed, as Newton realised. But if cu4=oi', S+S'=^0, and so some 

deviation remains. Since (nj'— ^2') is greater than {fii—ni) the angle 
of the flint glass prism is less 
than that of the crown glass 
prism. Fig. 62 shows that, if a 
single ray of light is sent through 
the achromatic prism, the emer- 
gent beam will consist of the 
colours of the spectrum all 
travelling along parallel rays, but, 

if a beam of finite width is used, these colours will overlap to produce 
white light except at the edges. This treatment is only true for prisms of 
small angle with light falling on at nearly normal incidence. If a prism ot 
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flint glass is to be combined with a crown glass prism of finite angle to 
produce an achromatic combination, the deviations must be worked out 
for a given angle of incidence on the crown glass prism and the com- 
bination will only be achromatic round and about such angles. 

It must be emphasised that eyen for prisms of small angle, the com- 
bination is only achromatic for the two colours considered. Other colours 
will emerge from the combination not quite parallel to these. But what 
two colours are to be chosen to give the best results > This is settled by 
trying various pairs of colours and seeing which gives the best result in 
practice, and it is found that a combination achromatic for the C and F 
lines is the best for visual work, and so the dispersive power cu of a 
material is defined as the dispersion of the C and F lines per 
unit deviation of the D line, or 


Cl) 



np— «c 
n-l 


where Vp and Hq are the refractive indices of the material for the F and C 
lines respectively. Presumably these two lines give the best results, 

because they cover the region of the spectrum, to which the eye is most 

sensitive. 

Achromatic prisms are not of any use in practice, although the fact 
that they can be made shows that it is possible to make achromatic lenses, 
since a lens can be regarded as a set of prisms of small angle (Art. 17). 
A more useful combination is one which produces dispersion without 
deviation and is called a direct vision prism ; it is used in a direct 
vision spectroscope, which serves for the quick qualitative examination 
of spectra. If a crown glass prism has an angle a, it is required to find the 
angle a' of the flint glass prism, which will combine with it so as to pro- 
duce no deviation of sodium yellow light. Using the same notation for 
refractive indices as before. 


(«-l)a-f(«'-l)a'=0 


a 



(26) 


The dispersion of the F and C lines is given by 

Sp— Sc=(«F— l)a-|-(«V— l)a'— («c— l)a— (w'c— 

(wp — »c)a+ (« V — « c)a ' 

Substituting the value of a' from equation (26) in this equation 
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PLATE I 



Fig. i. The image of a gauze formed by an 

ordinary lens. 

{y. W. Cottingham) 



Fig. 2. The image of a gauze formed by an 

achromatic lens showing improved 
definition. 


{J. W. Cottingham) 



Fig. 3. The image of a gauze formed by 

using the whole of the aperture 
of a lens. 



Fig. 4. The image of the same gauze formed 

by the same lens stopped down to 
f,1 I, showing the improved definition. 

{J. U'. Mitchell) 


(.7. W. Mitchell) 
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which is not zero if od^cj'. If prisms of finite angle are to be used, then 
the angle of the flint glass prisms must be worked out for the particular 
angle of incidence at which the I^ht enters the first prism. 


43. ACHROMATIC LENSES 

y"lf a lens of given focal length is to be constructed so as to be achromatic 
for r colours, it must consist of r lenses in contact made of materials 
of different dispersive power. To consider the case of the H, F, and C 
line in the violet, green, and red, respectively, let F be the focal length of 
the required achromatic lens, n be the refractive index of the material 
of the first lens for the D line, / be the corresponding focal length, and 
r and s be the radii of curvature of its surfaces. Let the same letters 
with one and two dashes represent the corresponding quantities for the 
second and third lens respectively. Then 



where dtt is the difference in refractive index between the H and F lines. 

df dn \ 


" /2- / 

where HWp is the dispersive power of the material for the H and F lines. 
Again 

where Sn is the difference in refractive index between the F and C lines 



Table S 


1 

Hh 

' 1 

nr 

1 

n 

nc 

HCOf 

FU>c 

IKUF 

FO^C 

Crown glass 

1.5330 

1-5230 

1-5170 

1-5145 

0-0194 

0-0164 

1-18 

Flint glass 

f 

1-6883 

1-6637 

1 

1-6499 

1-6434 

0-0378 

0-0297 

1-27 


where 

Now 


• y F^c 

P~ / 

F<oc is the dispersive power of the material for the F and C lines. 


1^1 I 


( 27 ) 
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Now 
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• (28) 





ft 

C 


r\ 



u 



G iver* the three materials and the required focal length of the achromatic 
lens, /, /', and j" are determined from equations (27), (28), and (29). 
Two lenses will not be sufficient, since that would m«an that there were 
tliree equations to find two unknowns, which signifies that two of the 
equations must be equivalent to one another. This is not the case, since 

equations (28) and (29) are not equivalent, as which can be 

pojc jico c 

seen from Table 5 for a typical crown glass and flint glass. Thus, if the 
combination is made achromatic for violet and green, it is not corrected 
for green and red. Telescopic objectives which are to be used for photo- 
graphy are made achromatic for the C, F, and Hg lines, the three hydrogen 
lines in the red, blue-green, and violet respectively. This covers the 
range of the spectrum to which the ordinary photographic plate is sensitive. 

For visual work it is sufficient to make the lens achromatic for the 
C and F lines, the eye being very insensitive to the violet. It is at once 
apparent that equations (27), (28), and (29) are replaced by 


1 1 1 


F /+/' 






and only two lenses are necessary now. These equations determine / and 
/' given F, a», and <o'. It is usual to have a crown glass convex lens, when 
it is clear that the flint glass component must be a concave lens. A 

practical optician specifies a lens by its material and the radii 'of curvature 


The Measurement of Refractive Index 


99 


rather 


this we have 


ing additional equations : 
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(32) 


(33) 


lenses which are to be in contact have been made equal, so tnat ttiey can 
be cemented together. Since / and are determined by equations (30) 
and (31), there are two equations to determine the three unknowns r, r, 
and s\ So there is the possibility of imposing yet another condition on 
the system, which can be used to make the spherical aberration a minimum 
and then all the four unknowns are uniquely determined. The focal 
length of the combination is given by equation (30) and is not infinity 
if a>4=a>', so that in destroying the dispersion we have not eliminated 
the deviation. We now see that it is possible to extend the design of a 
projection lens considered in Art. 16 to a lens combination free from 

chromatic aberration. 




F 

- 


Fig. 63. 

It is interesting to notice that it is possible to make an achromatic 
combination with two lenses of the same material, if they are separated 
by a finite distance. To see how this is done we must first calculate the 
focal length of such a combination, ^f the two lenses have a focal length 
/i> fi respectively, and are a distance a apart (Fig. 63), a ray parallel to 

their common axis at a distance h from it is deviated through an angle - by 

/i 


the first lens and strikes the second lens at a distance 


aJi 

h 


from the 


axis. It has been proved in Art. 17 that the deviation in a ray produced 
by a lens is independent of the angle at which it strikes it, provided it is 
small, and so the second lens deviates the ray through a further angle 

(h--) 

I ^ /, /. The ray emerges from the second lens and crosses the axis 


/i 


The ray emerges from the second lens and crosses the axis 


fi 


1 1 

at an angle T-f-T" 

/i fl 


ah\ h h 


ah 


7-7. If a single lens is to be used. 
J\Ji 
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ray parallel to the axis 


— 4X0 xax A x^y pAiiUiCi W vnC aXlS IS 

concerned, it must be placed at the point H and have a focal length F equal 
to GH, 


# • 


h h h ah 

^ f\ fi fifi 

^ ^ I ^ ^ 

f“7i a‘'^2 


• (34) 


1 his expression is true for converging and diverging lenses, provided 
that the appropriate sign is given to the focal length of each lens. It 

follows from Art. 17 that it is true for rays making any small angle with 

the axis. 


Now 
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where oj is the dispersive power of the material of the lenses 


dF=0. 
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he problem of 


making an achromatic telescopic objective in 
order to improve the sharpness of the images formed by telescopes 
lias at last been solved, and it is interesting to recall the stages by 
which this has been done, and to see what other fresh ground has been 
broken and what further lines of advance suggest themselves. It was 
this trouble with the blurred and coloured images formed by telescopes 
which led Newton to his experiments on the passage of sunlight through 
a prism. They resulted in the conception that white light consists of a 
set of independent colours, the colours of the sjpectrum, and to the 
association of colour with refractive index. This second result is the 
more important of the two ; it marks the replacement of the physio- 
logical sensation of colour by the physical quantity refractive index. This 
is always the first stage in introducing scientific method into any new 
realm, and at this stage the facts can be changed from subjective to 
objective and the physical quantity usually has a much wider range 
than the physiological sensation which it has replaced. For example, 
the physical quantity temperature measures a much wider range of degrees 
of hotness than can be detected by the sense of touch and thereby greatly 
extends the scope of scientific investigation in the phenomena of heat. 

Newton’s work on the spectrum supplied the explanation of the blurred 
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images of telescopes, but the limited range of materials at his disposal 
led him to believe that it was impossible to eliminate the defect. Fraun- 
hofer returned to the same problem just over a hundred years later, and, 
while attempting to solve it, he discovered the dark lines in the solar 
spectrum and saw that they were just what was needed for the accurate 
measurement of the dispersive power of materials, and by their means 
he produced achromatic telescopic objectives. He himself did not 
discover the significance of the lines, but his discovery led to the finding 
of the corresponding emission lines and to the idea of each element 
having its own spectrum. This led to the discovery of new elements 
and finally to the explanation of the dark lines as due to an atmosphere 
of cool vapours round the sun, the elements in which absorbed just those 
colours which they emit. So it became possible to discover the elements 
in the atmosphere of both the sun and the stars. The reader is reminded 
that all this work began in an attempt to solve a practical problem, how 
to improve telescopes. And its continuation was inspired by the same 
motive, Fraunhofer being employed in a glass works at Munich where 
telescopes were made. This is a case where the demands of industry 
stimulated workers both in pure and applied science, and the solution 
of the problem led to discoveries and work of the greatest value and 
interest in pure knowledge. In the relations between science and industry 
it is a mist^e to think that the debt is all on the side of industrv. While 


interest in pure knowledge. 


it is a mistake to think that the debt is all on the side of industry. While 
it is true that the knowledge discovered by men interested only in know- 
ledge for its own sake and indifferent to practical application has revolu- 
tionised industry, and that scientific method has improved existing 
processes, it is also true that pure science, in its turn, owes the opening 
up of new fields of pure knowledge to the problems put to it by industry. 
Indeed, it is essential that science should remain in close contact with 
the practical problems of the day if it is not to become sterile and dead. 


Finally, two new problems suggest themselves. While the eye is used, 
the spectrum has definite limits ; but if colour is replaced by refractive 
index, no such limitation suggests itself. Why should there not be rays 
less refrangible than the red and more refrangible than the violet ? They 
will not affect the eye, it is true, but that does not affect their physical 
reality, A search must be made for such rays. Secondly, the physical 
quajitity Specifying a definite colour, such as the D line, is its refractive 
index. But this ntuiiber varies according to the sort of glass or material 
we use ; it is 1-51 in a typical crown glass, 1-6 to 1-9 in flint glass, 1-632 in 
carbon disulphide. We cannot be satisfied to specify a definite colour 
with a number which changes in this way. At present it is the best we 
can do, but in all our investigations of light we must be looking for some- 
thing better, for some way of measuring colour by a number which is 
invariable. 
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EXAMPLES ON CHAPTER V 


(Use the refractive indices given in Table 5 unless they are actually Jtiven in 

the question itself) K o 


1 . Describe and discuss any phenomena known to you in which the direction 
or nature of a beam of light is affected by passage through water. {Oxford Schol.) 

2. Vvhat adjustments are necessary before using a prism spectroscope? Give 
a concise explanation of the purpose of each of these adjustments. {Oxford Schol.) 

3. Describe and explain how you would produce in the laboratory a parallel 

beam of monochromatic light and how you would demonstrate that it had these 
properties. {Oxford. Schol.) 

4. Give a brief account of the more important uses of the spectrometer. 

{Camb. Schol.) 

Describe the optical system employed in the prism spectrometer. 

Give some account of the types of spectra emitted by different classes of luminous 
bodies. {Camb. Schol.) 


6. Describe the adjustment and use of a prism spectrometer to measure refractive 
indices and explain how some of the principal sources of error may be eliminated. 

{Camb. Schol.) 

7. lixplain how^ to produce a pure spectrum. Give an explanation of the dark 
lines la the solar spectrum stating what priiitciple they illustrate. {Camb. Schol.) 


8. Describe the optica! system of the spectrometer, and the adjustments you 
w ould n.ake in setting up the instrument to measure the refractive index of a prism. 

f ind the relation between the angle of the prism, the minimum deviation pro- 
d'o.cedj n;H“ the refractive index of the material. (O. and C.) 

9. Describe the spectrometer, explaining clearly the functions of its constituent 

parts . (O. and C.) 


10. What meant by the minimum deviation of a ray of .Tight refracted through 
a prism ? Explain clearly how the angle of minimum deviation for a given prism 
depends upor> the colour of the light. 

A ray of light passes through a prism whose refracting angle is 10° at approxi- 
rniately minimum deviation If the refractive index of the glass is l‘S14 for red 
light and 1*532 for blue light, determine the angular dispersion produced by the 
pnsm. Prove any formula you employ. {London.) 

1 1 . Describe how you would use a spectrometer to determine the refractive 
index of glass. Draw' a diagram to show the optical arrangement of the instrument, 
indicating the paths of a pencil of rays from a source of monochromatic light. 

PQR is a right-angled glass prism, the angles at P and R being 60° and 30° 
respectively. The face QR is silvered and a ray of light directed on to the face 
PR at an angle of incidence of 50° retraces its path after reflection frotn QR. 
What is the refractive index of the glass ? What would be the angle of minimum 
deviation for a 60° prism made of the same glass ? {N.U.J.B.) 

12. A ray of light is incident at nearly normal incidence upon a thin glass prism. 
Show that its deviation is given by (/a— l)z, where i is the angle of the prism ai^ 
fi is its refractive index. For such a prism in air the deviation is found to be 4 
towards the base of the prism. The prism is put into a rectangular glass tank 
filled (a) with water, (b) with carbon bisulphide. In (a) the deviation is Do 
cowards the base and in (b) 0 8° aw4y from the base of the prism. Taking the 
refractive index of water to be 1*3, calculate the angle of the prism, the refractive 
index of the prism and the refractive index of carbon bisulphide. {Camb. Schol.) 

13. Say how you would determine the refractive index of a glass prism, stating 

the chief sources of error. , . , r r i 

Light from an illuminated slit placed in the focal plane of a thin lens of toc^ 

length 20 cm. falls on one side of a prism (vertical angle 30°) so lhat the refracted 
ray meets the second face, which is silvered, at approximately a right angle. x*or 
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refractive index for red light ? . u- u 

14. A pamUcl bc^ of white ‘ ^ ® «gte 

C '^n"F"Z^lh^‘ZT^J°r^^rOTn the' prism. Thmogh «•?' ^ “ **■' 

prism £ mmed te nSte the F Ught go throogh it st tmmmum devtetton ? 

15. A psraUel b<»m of white «ghtjiSj.mcident^on aj^t pte^ 

“lenVoflS;”™. fo^l togSt. Knd t^ leng* of the spectrum between the 
C and F lines, the C and D lines, and the D and F lines. 

1 6 A flint class orism is to be combined with a crown glass prism of 3“ so as to 
nrodiice no deviation for the D line when passing through the correlation a 

noS^ Sence Find the angle of the flint gUss pnsm and the angle 

between C and F light when emerging from the combmation. 

17 What is meant by deviation and dispersion ? , • j 

" in a direct vision spectroscope we have dispersion without deviation, and m 
a lens corrected for chromatic aberration we have deviation without dispersion. 
Explain these statements and describe the mstruments mentione^ 5cAo/ ) 


and 


1 of light may be obtained 
What practical use is made ' 


(Comb 


19. Explain the dispersion produced by a simple lens, and show how the defect 

"'why is such a correction unnecessary in the case of a simple convex lens u^d 
as a magnifiying glass held close to the eye ? ) 

20. Deduce an expression connecting the distances of an object and its image 

from a lens with the focal length of the lens. r ii 

It is desired to make a converging achromatic lens, of mean focal length 3U cm^ 
by using two lenses of materials A and B. If the dispersn e powers of A " 
are in the ratio 1 to 2, find the focal length of each lens. (D. and C.j 

21 Describe the optical principles of the construction of either a direct vision 
spectroscope or a simple achromatic photographic lens combinatiori. Briefly 
describe an experiment you have seen which illustrates the optical principle mvmved 
in the construction of the instrument you choose. {London.) 

22. What is meant by the dispersive power of a glass ? Show how lenses can 

be combined to give a combination which has the same focal length for two 
different colours. {London Inter.) 

23. Parallel white light is incident on a 60° flint glass prism set at rninimUm 
deviation for the D line. The angle between the parallel beams of D light and F 
light on emerging from the prism is 2-3°. If the refractive index of the D light is 

1-632, find that of the F light. 

24. A 60° crown glass prism is to be combined with a flint glass prism so that 
there is no deviation for the D line, each prism being traversed at minimum 
deviation. Find the angle of the flint glass prism and the angle between the 
C and D lines on emerging from the combination. 

25. Find the focal length for the D line of a flint glass lens which will form an 
achromatic combination for the C and F lines with a cro-wn glass converging 
lens of focal length 20 cm. for the D line. Find also the focal length of the crown 
glass converging lens for the C and F lines and the focal length of the combination 
for the C, D, and F lines. Draw' a graph of focal length against refractive index 
for each lens on the same axes to illustrate the degree of achromatisation. 

26. A lens of focal length 6 00 in. for the D line is required for a camera and it 
is to be achromatic for the C and F lines. Calculate the focal lengths of the crown 
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and flint glass components ; find also the radii of curvature of tlieir surfaces if 

the t^vx> enscE arc cemented together and the other pair of surfaces have also the 
same radius of curvature as one another. 

27. 1 he episcopic lens of an epidiascope is required to cast on a screen an 

image 8 ft. by 8 ft. of a plate, 10 in. by 10 in., which is 12 ft. from the screen. The 

lens ir. to be achromatic for the C and F lines ; calculate the focal length of the 

crown and flint glass components and abo the radii of curvature of their surfaces 

if each lens has two surfaces whose radii are numerically equal in magnitude but 
opposite m sign. 


*8. It IS required to produce a portrait lens of focal length 12 00 in., which 
IS to iH* achromatic for the C, F, and H lines. Calculate the focal length of the 
components A, B, and C, whose dispersive powers for the H and F, and F and C 
lines respectively are, A : 0 0194, 0 0164 ; B : 0 0290, 0 0238; C; 0 0378, 0 0297. 

29. r wo thin coaxial lenses of focal lengths /i and fz are mounted at a distance 
d a|>art. Find the focal length of the equivalent thin lens. 

Show how it is possible to construct an achromatic combination from two thin 
len: es of the same material. (Cam6. Schol.) 


30./Assuming the formula 

t 



111 -^ 
F ”/,+/2 Vl /2 


show that two lenses of ecjual focal length and made of the same glass, can be 
arranged to give an achromatic system. 

Draw, to s<.:ale, a diagram showing the paths of two rays of light of different 
wave-lengths which proceed trom the same object. Take the focal lengths of the 
lenses to be 5 cm. for the one wave-length and 4*5 cm. for the other. 

Discuss your result, explaining what you mean by an achromatic system. 

(Camb. Schol.) 


Chapter VI 



DEFECTS OF THE IMAGE FORMED 

BY A SINGLE LENS 


J 

4^ SPHERICAL ABERRATION 

We have seen that the theorems deduced for mirrors and thin lenses 
are only true for paraxial conditions, which implies that the mirror or lens 
must be of small aperture and the object must be small and close to the 
axis. We have also seen in Art. 26 that, if rays making a finite angle of 
incidence at the surface of a spherical mirror of large aperture are con- 
sidered, the focal length of marginal rays is numerically less than that of 
paraxial rays and again that a pencil incident at a large angle on a mirror 
of small aperture gives rise to an astigmatic reflected pencil. Both of these 
cases will arise in practice for lenses as well as mirrors ; if a photographer 
wishes to take a picture of some moving subject on a dull day, he cannot 
admit the necessary amount of light to his plate by increasing the ex- 
posure, so he is compelled to enlarge the aperture of the lens and to 
admit rays, which fall on the lens at such large angles that paraxial condi- 
tions are not satisfied, even if the object be small and close to the lens. 
Again, if a photographer has to take a landscape, even on a bright day, the 
size of the picture may be such that, even though his lens is stopped down 
so that rays from the centre of the landscape are paraxial, those from its 
edges do not satisfy this condition. It is therefore essential to extend our 


analysis to include these cases, in order to see what type of image is to be 
expected from lenses and mirrors and to see how lenses of high quality for 
photographic and other purposes may be produced. We shall not consider 
the case of mirrors further, since they are of less practical importance than 
lenses and an exact mathematical treatment is tedious and yields little more 
insight into the nature of the image formed than has already been obtained. 
So we turn to the case of a point object on the axis of a lens of large aperture, 
which must naturally be approached through refraction at one spherical 
surface. We shall prove merely from Snell's law and the spherical nature 
of the surfaces that the focal length of marginal rays is numerically less 
than that of paraxial rays, whatever the type of lens. While it is ?iot 

necessary for the reader to learn this proof, he is advised to go through it 
and to satisfy himself of its validity. 


\\ c }ia\e already 


seen (Art. 9) that, if a point source of light A on the 
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axis AOC of a spherical refracting surface sends a ray of light AD to the 

surface incident at angle it is refracted at an angle I2 to meet the axis 
at B so that 


Jij ni_n2 cos t2’—ni cos ii 
q p r 



where p, q, and r are equal to —AD, -|-BD, and +OC, the radius of curva- 
ture of the surface respectively (Fig. 64). This relation is true whatever 





the. size of the angles q and ^2. Let us consider the simple case in which the 
point A is at infinity to the left of O on the axis AOC (Fig. 65), so that it 
sends a beam of rays parallel to the axis on to the refracting surface. Let 





112 be, greater than and let the surface be convex, as it is drawn. The 
paraxial rays come to a focus at the point F such that 

OF OC~ 

as can be seen from equation (36) by putting ^==— 00 , cosq = cos«2=l 
and r=-l-OC and solving for q, which equals -f-OF. But any margma 
ray incident at an angle q (Fig. 65) will cross the axis at the point F,„ such 

that 

«2 _M2 cos q— «i cos *1 

Dfi 6c 
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Now, in the triangle CDF« 


CF„i_ DF^ 

sin *2 sin (tt— J i) 



DFmsin f2 
sin I'x 


by the law of refraction 


CFjn 


Also 


From the law of refraction 


DF 




«2 


. OC 


112 COS X2“”l C°S *1 


CF=OF-OC 


«2 • OC 

112 — Til 


W 2 sm t 2 =«i sm *1 


OC 


til ■ OC 

112 — Til 


« 2 ^ sin 2 j 2 s=ni 2 sin "Hi 

1*22(1—008 2t2) = ni2(l _C08 Hi) 

/. zosH2—TtT^ cosHi—n^—rii^ 

112^— Tli^ 

112 cos t2 — Tll COS *1 = r- T 

«2 t2+«i COS *1 

Since **2 positive, **2 ‘^^s *i decreases as t’l and *2 

increase ; therefore 7*2 * 2 — ”1 *1 increases as ii and *2 greater. 

So it follows that 7*2 * 2 — cos *1 is greater than 7 * 2 — t*;, its value 
when *x=*2=0. Therefore CF^ is less than CF. That is, in the case of 
refraction at one convex spherical surface from a less to a more dense 
medium, the focal length of marginal rays is numerically less than that for 
paraxial rays, or, the marginal rays come to a focus at a point on 
the axis nearer to the pole of the surface than the paraxial rays. 





Fig. 66. 




The reader will have no difficulty in deriving the same result from 
Figs. 66, 67, and 68 illustrating the remaining possible cases. In deriving 
these results he is advised to follow the method adopted in the first case 
and to convert the quantities q and r in equation (36), which are to be 
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allotted signs in accordance with the convention of Art. 10, into the corre- 
sponding distances and OC, which are pure numbers;, 

•f these pure numbers. If any 


and 


terms 


axis 


of these diagrams is rotated through 360° about the 
the point D describes a circle on the surface which is known as a zoste of 


the surface. 


Theorem 


11: all rays parallel to the axis 
of any single refracting spherical surface and striking the same 

zone come to a focus at the same point on the axis after 





y. iii iiiiu me greater tne raaius oi tne zone tne nearer is me 
point to the pole of the surface. Let us now apply this theorem to a 
conve ging and diverging lens. We will consider a typical converging lens, 
such as a ni-convex lens, and let a beam of rays parallel to its axis fall on the 
lens. It the paraxial rays come to a focus at the point F on the axis of the 
lens (Fig. 69), the rays from the outermost zone of the lens will come to a 


locus ar a point nearer to the lens. For we have shown above that the 
marginal rays come to a focus nearer to the lens than the paraxial rays in 



the refraction at the first surface and, since the second refraction is at a 
concave surface from a more to a less dense medium, this merely increases 
the difference in focal length due to the first refraction. The same result 
can be shown to be true for any type of converging lens. The fact that 
the rays from any given zone of the lens have a focal length, which varies 
with the radius of the zone, means that the image of a point object at 
infinity on the axis of the lens is in a different position according to the 
zone of the lens by which it is formed. Theiefore, if the full aT>erture of 
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the lens is used to form an image, it is not possible to obtain a point 
image of a point object, since the rays from each zone of the lens come to 
a focus at points intermediate between the paraxial image and that formed 
by the marginal rays. It is evident that the best image is the circle of least 
confusion thrown on a screen placed in the position shown in Fig. 69, where 
the width of the beam is a minimum. Thus the sharpness or definition of 
the image of small objects close to the axis is poorer than if only paraxial 
rays are used. This defect of a lens, which is due to the spherical 




Fig. 69. 


also be present in the case of a point object in any position on the axis 
of the lens. The quantity FF,n is called the axial spherical aberration 
of the given zone of the lens and is reckoned positive, when the focus of 
the marginal rays is on that side of the paraxial focus, from which the 
incident light is coming. The radius of the circle of least confusion is 
called the lateral spherical aberration. Both of these results, which 
are logical deductions from the axioms of geometrical optics, are verified 
by experiment ; Plate I, Figs. 3 and 4, shows how the definition of the 
centre of the image becomes poorer as the aperture of the lens is increased. 

Let us now consider a bi-concave lens as a typical diverging lens. 
Here again, if we consider a point object on the axis of the lens at infinity, 
the rays from the outermost zone come to a focus nearer to the lens 
than the paraxial rays. For we have already shown that this is the case 
for the refraction at the first concave surface and this effect is further in- 
creased by the second refraction from a more to a less dense medium at 
a convex surface. The same result can be shown to be true for any type 
of diverging lens. It is important to notice that the axial aberration is 
negative in this case, since the marginal focus is on the opposite side of the 
paraxial focus to that from which the incident light is coming. This 
suggests the possibility of eliminating or correcting spherical aberration by 
a suitable combination of converging and diverging lenses. So we have 
Theorem 12 : rays parallel to the axis of any thin lensi falling on 
an outer zone come to a focus at a point on the axis nearer to the 
lens than the paraxial rays. 

In order to investigate the conditions for producing a lens combination 
ree from spherical aberration, it is necessary to find out how the axial 
spherical aberration depends on the radius of the zone of the len»> its 
ocal length, the radii of curvature of its surfaces, and its refractive index. 
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two ways of doing this : the first is to derive a mathematical 


between 


Uilfor- 


and 


easy to see from it how the axial spherical aberration varies with the above 


case 


quantities. The second method is to take an actual numerical 
trace a ray through a given zone of the given lens by applying Snell’s 
law to the refraction at each face and so to find the place where the ray 
crosses the axis. This is done for zones of various radii, lenses of various 
focal lengths, various radii of curvature of each face, the focal length being 
kept constant, and for various refractive indices. Then graphs are plotted 
showing how the axial spherical aberration depends on each of the above 
variables and from them some idea of how spherical aberration can be 
eliminated or reduced to a minimum can be obtained. We shall illustrate 
this method, which is a most important technique in the practical design 
of lenses, by finding both the axial and lateral spherical aberration for 


calculated 


Art. 38 


45. CALCULATION OF SPHERICAL ABERRATION BY RAY 
TRACING 

The way to trace a ray through an optical system can be understood by 
considering Fig. 70. The given incident ray ED is travelling in a medium 
of refractive index and strikes the spherical refracting surface DO, 



whose axis is CO, and is refracted along the path DB to cut the axis at B. 
The ray ED produced cuts the axis at A. The problem is given a, r, 
and a, to find b. This is done in the following steps : in the triangle ADC 

sin (tt— fi)_sin a 

a-\-c c 

So is found from the equation 

sin *2 = sin a 

c 


A 
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From the law of refraction we get I 2 from the equation 
Also we get y from the equation 

a 

and 6 from the equation 

^=,2-y 

Finally in the triangle BCD 

b'^c c 

sin {n-i-^ sin /8 


and 90 we get b from the equation 

, c sin *2 

b=^-i-c 

Sin p 

This process can be carried on for each surface at which refraction occurs, 
provided that the centres of the various surfaces all lie on the same axis. 
Therefore the ray can be traced right through any refracting system, such 
as a combination of lenses, and we shall proceed to apply it to trace the 



Fig. 71. 


path of a ray through the above telescopic objective in air. The specifica- 
tion of the lens is as follows : a bi-convex lens, radius of curvature of 
each face 110 cm., axial thickness 2 00 cm., diameter 20 0 cm., refrac- 
tive index of the glass for the D line T55. We shall trace the path of a 
ray parallel to the axis of the lens through the zone of radius 10 cm. 
The refraction at the first surface is illustrated in Fig. 71 and here we 
find I'l from the equation 

. . . h 

sin ii=siny=- 

c 

after which the determination of b proceeds as outlined above. ’ We then 
proceed to the refraction at the second surface just as shown above and 
the complete calculation is shown in Table 6 on page 112. 

So rays parallel to, and at a distance of 10 cm. from, the axis of this lens 
cross the axis after emerging from it at a distance of 98-1 cm. from the 
surface of the lens at which they emerge. 
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Table 6 


Quantity. 

1 

First Surface. 

Quantity. 

•Second Surface. 

h 

10*000 cm. 

a 

309*7 -2*0 =307*7 cm. 

log h 

1 *00000 

a+c 

417*7 cm. 

log c 

2*04139 

1 

log (a + c) 

2*62087 

log sin f'l 

8*95861 

log sin a 
log c 

8*50920 

2*04139 

1 ^2 
log ~ 

0*19033 

log sin *1 

9*08868 

1 

n\ 

8*76828 

log sin *2 

9*27901 

log sin i 2 

♦ 

t\ 

703 / 


5° 13' 

h 

10° 58' 

• 

t2 

3° 22' 

y 

. 5° 12' 

B 

1° 51' 

p 

5° 46' 

log sin ^ 

850920 

log sin P 

9*00212 

log 

2*30047 

log ( 6 +r) 

2*31828 • 

b—c 

199*7 cm. 

b+c 

208*1 cm. 

b 

309*7 cm. 

b 

98*1 cm. 


The point where paraxial rays come to a focus is found using the 

C» 


equation 


^2 


V U 


iOt 


n-: ' 

4r» 


the refraction at each surface in turn. For the first surface we have 








CO 


r= + 110 cm., from which 

1-55 1-55-1-00 


V 


+ 110 


i)= + 310 cm. 


For the second surface we have n 2 —^'^y Wi=l’55, «=(310— 2)— 308*0 


cm. 




and 


V 


110 cm.,, from which 


1‘00 


V 


1*55 


+ 308*0 


1*00-1*55 

no 




v=99'l cm. 


So the paraxial rays come to a focus 99*7 cm. from the surface of the lens 
at which the light emerges and therefore the longitudinal spherical 
aberration of the lens for the zone of 10 cm. radius is +1*6 cm. 



We shall now use this result to estimate the lateral spherical aberration 
of the lens. If the marginal rays come to a focus at Fm (Fig. 72), let 
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rays at a distance 2*5 cm. from the axis come to a focus at the para?^! 
focus F. We shall assume that the circle of least confusion has a radiw 
PQ (Fig. 73) where P is the intersection of the rays HF« and GF. This 
is a satisfactory way of fixing the size of this circle, for the ray GF is about 
the farthest one from the axis to satisfy paraxial conditions and rays 



cut 


the cone of rays diverging from Fm in a circle of smaller radius than 
Now 

PQ 0,G 2-5 


and 


QF OjF 99-7 

PQ _ OH 
QF,„“OF„, 


But 


QF„. 


PQ 


• • 




1-6-QF 

QF 


10 


1-6-QF 

10 


1-6-QF 99-1 


2-5 ^99-1 


10 


98-1-I-1 0 99-1 


whence QF=l-28 cm. and PQ=0-032 cm 


So we see that the best image, which can be formed by this lens, of a point 
object at infinity on its axis is a circle of 0-6 mm. in diameter and a similar 
result is true for a point object at any position on its axis. So we see to 
what extent this defect of spherical aberration spoils the definition of the 
image at points on the axis. It can, of course, be greatly decreased by 
diminishing the aperture of the lens by a stop placed on the same side of 
the lens as the object. But this remedy is not always available, as, for 
example, when a very faint star is to be photographed or an action photo- 
graph of some game has to be taken on a dull day, and other ways must 
then be sought. 


The following results concerning axial spherical aberration have been 
established by the above method of trigonometrical ray tracing. The 
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graph of Fig. 74, which is taken from some results given in Hardy and 
Perrin’s “ Principles of Optics,” rrWr/ko • • 


between 


spherical aberration and the radius of the zone through which the ray 



passes and shows that the aberra- 
tion is proportional to the square 
of this radius. The second im- 
portant thing is, to see how the 
spherical aberration of a lens of 
given focal length varies as the 
radii of curvature of its faces are 

altered. This is called 


the lens. 


5 10 15 

Radius of zone of lens in mm. 

Fig. 74. 


20 


This is called bending 
It is usual to express 
the aberration in millimetres for a 
lens of focal length 100 mm. for 
purposes of comparison, and the 

results shown in Table 7 are taken 
li Om Hardy and Perrin s Principles of Optics,” and refer to a lens of re- 

if-K tive index T51 /67 and axial thickness 20 mm., rj and ^2 being the radii 

of cof'vfiture of trie faces, at which the light enters and leaves respectively. 

h rom these results a graph is plotted of spherical aberration against 

ilie curvature of the face at which the light enters (Fig. 75) and 


Table 7 
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Spherical Aberration 
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CO 
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it will be seen that the aberration is large for lenses, in which the face at 
which the light enters is either concave or only slightly convex (Figs. 75 
and 76). It reaches a minimum for lenses in which the face at which 
the light leaves is slightly convex or plane, after which it increases again 
as this face becomes more and more concave. The physical interpretation 
of this variation is that the spherical aberration is a minimum, when the 
total deviation of the ray is divided about equally between the two refrac- 
tions (Fig. 77). The deviation of the angle of incidence from a paraxial 
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«cud. becau^ the increase in spherrcal aberraUon at th. 



Fig. 75. 


face ,vhere the deviation is increased is less than the *» *' °*" 


w 

deviation. 


spherical aDcrratiun ’ . . * 

This way of regarding the condition for minimurn sphenca 

XlUO TTsaj e , .. I tVi^a rtnsition 


shows 


of the object. For, if we consider a point object at a 
a plano-convex lens, it is evident that this distance can be so arranged 



Concave- 

Convex 


Plano- 

Convex 


Equi- 

Convex 

Fig. 76 


Convex- 

PUno 


Convex- 

Concave 


that the deviations at each face are equal and then the aberration is a 
minimum for an object in this position, whereas we Jiave just seen that 
it is very large for an object at infinity. This result is verified by ray 
tracing, from which it can also be shown that the aberration is inversely 
proportional to the cube of the focal length of the lens. A relation between 
aberration and the refractive index of the lens can also be worked out, but 

it does not exhibit any simple features. 

These results suggest the principle underlying the design of lens com- 
binations free from spherical aberration. Let us suppose that we wish 


ii6 


Text 


[chap 


two 


to make a combination which is converging, then a converging 
be combined with a diverging lens of longer focal length ] 
len^ were of the same shape, the aberration of the diverging 
be less than that of the converging one and so, although it is in the opposite 

direction, it would, not can- 
cel it out. But if the shape 
of the converging lens is 
chosen so as to give it mini- 
mum aberration, then it may 
be possible to choose that of 
the other component so as 
to produce an equal and 
opposite aberration, and so 
the combination will be free 
from spherical aberration. 
The precise shapes of the 
two lenses have to be found 
by ray tracing, and it must 
be emphasised that, the 
compensation is only perfect 
Consequently the lens cannot be 




Fig. 77. 

for one position of the object. ^ 

designed, until the purpose for which it is to be used has been specified. 
This account of ray tracing has been included to give the reader a glimpse 
f the methods used by technical opticians and lens designers, so that 


there is no necessity for him to study it deeply unless he contemplates 


taking up practical optics. 


46. APLANATIC SURFACES 

his account of spherical aberration will be concluded with the one 
case in which a spherical surface forms a geometrical point image of a 

✓ 



Fig. 78. 


point object on its axis, however big the aperture of the surface. Let 
any ray AD from a point object A (Fig. 78) on the axis of a spherical 
refracting surface centre C, pole O, be refracted from the medium of 
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refractive Wj into the inediuni of stnoller refractive index ii2» ®o that it 
appears to have come from the point B on the axis. If AC 


^.OC.inthe 


triangle 


sin DAC 


DC . sin <1 

-2.0C 


• sin DAC=- . sin fi=sin by the law of refraction. 

«2 

/^DAC=J2 

z1DBA=ZDAC-ZADB 



Therefore the triangles ADC. and DBC are similar. 


* CD 
.*. BC= 


DC 

CA 

CD2 

CA 


OC2 



BC=-^ . OC 

«2 

and is independent of the angle ix, which AD makes with the axis of the 
surface. Therefore all the rays from A, however large an angle they make 



Fig. 79. 


with the axis, appear to diverge from B after emerging from the spherical 
boundary between the two media, and so there is no spherical aberration 
for this one position of the object. Any surface which satisfies both this 
condition and the sine condition referred to in Art. 49 is called an aplanatic 
surface. Such surfaces are made use of in microscopic objectives, where 
it is essential that as wide a pencil as possible from each point of the object 
should enter the objective, otherwise the greatly magnified image will be 
too faint to be seen distinctly. The objective is designed so that the 
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centre of curvature A of the face at virhich the light enters coincides with 
the aplanatic point for the other face (Fig. 79). If a point object is placed 
at this point, the rays from it enter the lens normally and therefore suffer 
no refraction at the first face, and the refraction at the second surface 
is without any spherical aberration. Therefore the wide angle pencil 
from the object at A is changed by the lens into a narrower pencil diverging 
from B, and the remaining components of the objective can be corrected 
for spherical aberration along the lines indicated above, which would 
have been insufficient for the initial wide angle pencil. 


47. POINTS OFF THE AXIS 

We have so far considered only points on the axis of the lens, and it is 
now time to see what happens, if a lens receives rays from a point object 
so far off its axis, that paraxial conditions arc violated even for a lens of 
smaJl aperture. The general nature of the problem can be understood 
from Fig. 80, in which B is the point image of a point object A on the 



axis of a converging lens, being formed entirely by paraxial rays. If the 
diagram is rotated through a small angle about the point O as centie, 
then A describes the short line AA' perpendicular to the axis of the lens and 
B another short line BB' and we have already seen (Art. 13) that B' is 
the place where the image would be, if the rays forming it satisfied paraxial 
conditions. In future we shall call this point the paraxial image of the 
object A'. We must now see where the actual image of A will be formed 
and whether a point image can be obtained, if paraxial conditions are not 
satisfied. To consider a particular but typical case, let us suppose that a 
stop S is placed between the lens and the object, which therefore sends 
a pencil of rays on to the lower part of the lens. At what point or points 
will these rays come to a focus and how will these points be related to the 
paraxial image B' } The ray AT passing through the middle of the stop 
is called the principal ray of the pencil. We can get a general idea of the 
effects to be expected by applying the results we have just obtained for 
axial spherical aberration to this case, A'OB' being the axis to which 
the axial aberration is referred. We shall call it the auxiliary axis in 
future. Since the axial spherical aberration of a ray is proportional to 
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the square of the radius of the zone of the lens through which it pi^es, 

this aberration will be much larger for the rays from A . 

A, since they pass through zones of much larger radn«. Hewe defects I 

tinll appear in the images of poinU off the axis, even sohm aperture of the I 
part of the lens utUised is so smaU that the spherical aberration of points 1 
on the axis is negligible and the remaining conclusions apply only to smaU j 
apertures. We see that the three rays drawn cross the auxiliary axis 
at different points, since they have come from different zones of the lens, 
and it is evident that the emergent pencil will be asymmetne^ relauve 
to the principal ray on account of the asyrnmemcal position of the object. 
Its precise nature is complex and can be investigated either mathe- 
matically or by ray tracing. We shall not go into any details, but merely 

try to explain clearly the results of the investigations. 

The mathematical treatment leads to an expression containing four 
different terms, each of which corresponds to a particular defect in the 
image formed by the lens, and these defects will now be considered m 
turn. The first three, spherical aberration, coma, and astigmatism 
affect the definition of the image, while the last one, distortion, ^ects 
its position. It is important to realise that any defect is not signifi^t 
until the previous ones have been corrected out. The reason for this is 
that, if the previous defects have not been removed, the image suffers 
from a combination of all the remaining defects, which often cannot be 

explained in simple terms. 

48. SPHERICAL ABERRATION 

The first term in the expression indicates that the marginal rays of 
the pencil passing through the stop come to a focus on the principal 
ray nearer to the lens than the rays very close to the principal ray and 
that the distance between these tw’o foci is proportional to the square of 
the distance of the marginal ray from the principal ray, as they pass 
through the stop. In fact, this defect has just the properties of spherical 
aberration, and so w'e see that, if this defect is present for points on the 
axis, it will be present to the same extent for points off the axis too. If it 
has been eliminated or reduced to a minimum for axial points, it will 
also be absent for points off the axis. 

49. COMA 

The second term in the expression gives rise to a defect knowm as 
coma, which is serious for points close to the axis of a lens and is due to 
the asymmetrical position of the object relative to the lens. We can best 
appreciate the cause of this by considering the formation of the image of 
a small object AA' by a pencil, whose principal ray passes through the 
centre of the lens, assuming that spherical aberration has been eliminated. 
(Fig. 81). Precisely similar effects are produced w'hen the principal 
lay is excentric. The paraxial images of A and A' are at B and 
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B' respectively, but the rays 11 from A' passing through an outer 
zone of the lens come to a focus at Bj', while those farther out still 
come to a focus at B 2 '. Therefore the paraxial rays form the image 
BB', the rays from an inner zone form the image BBi', while those from 
the outer zone form the image BB 2 ' ; the fact is that the lateral magnifica- 
tion of the lens is different for different zones, decreasing as we go out- 



wards. But so far we have only considered the rays in the plane con- 
taining the point A' and the axis ; when we come to consider the skew 
nays, which do not lie in this plane, the nature of the image is even more 
complicated and is deduced from Fig. 82, which gives a view of the lens 
looking at one of its faces. The centre of the lens is at O and the zone of 
the lens is marked off through which the two rays marked 1 1 in the previous 




Fig. 84. 


figure pass. They come to a focus at the point marked 1 in Fig. 83, the 
rays 22 coming to a focus at the point 2 and so on, the point 1 in Fig. 83 
coinciding with the point Bj^ in Fig. 81. It follows, therefore, that the 
rays from A' passing through this zone of the lens come to a focus in the 
circle 1234 and the radiqs of the circle increases as that of the zone 
increases. So the complete image of the point A' formed by the whole 
lens is a set of circles of increasing radius, starting at the point B ' and 
going upwards towards B as shown in Fig. 84. The intensity of illumina- 
tion is greatest at B' and decreases as we go upwards towards B 2 ', and so 
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PLATE II 



Fii|. L Image of a gauze formed by a 
plano-convex lens with all the devia- 
tion occurring at the convex face, 
producing large spherical alteration 
?.nd poor definition. 

(y. W. Mitchell) 


Fig. 2. Image of the same gauze formed 
by the same lens with the deviation 
divided between the two faces, 
producing minimum spherical alter- 
ation and good definition. 

{J. W. Mitchell) 



Fig. 3. The image of a pin-hole 
on the axis of a convex lens. 

{y. W. Cottingham) 



Fig. 4. The image of the same pin-hole to 

one side of the ax.s of the same lens 
showing coma. 

(y. W. Cottingham) 


lai 


The Defects of the Image 

the appearance of the image is similar m that of a ^ ^ 

from ^ich the name coma is derived. It is evident that this defect^ 

spoU the definition, and it is particularly undesirable on 

tion is a minimum. When the centre of the hole is on *e axis of the len^ 
the definition is at its best, but if the lens is turned about a vemcal 
through two or three degrees it will be seen that the d^Oon ^ 
deteriorated, and if the lens U turned through some 
the appearance of the image is as shown in Plate II, Fig. 4. the bnght 
part of the image being due to the central rays and the remamder to *om 
which have passed through the outer zones of the lens, as can easily be 

verified by stopping out these two sets of rays in turn. 

^ 4-Wa 3X1S ^ i^nft Of Idr^c 


particularly serious in the case 



It has to be corrected by designing the lens so that the magnification is 
the same for all zones of the lens. If BB' is the image of an object AA 
formed by a lens (Fig. 85) and and $2 are the inclinations of a ray 
from A to the axis before and after emerging from the lens, it can be 

shcKvn that this is the case if 

sin $1 


sin B 


constant 


called 


case 


formed 


this object is therefore free from both spherical aberration and coma, and 
such a surface is called an aplanatic surface. Coma is reduced to a 
minimum by choosing a suitable shape for the surfaces of the lens, ^d 
this is investigated by ray tracing very much as was done for spherical 
aberration, and it turns out that the lenses which have the least spherical 
aberration have also the least coma. 

50. ASTIGMATISM 

Both spherical aberration and coma can be decreased by decreasing the 
r- wKne Ctnr\ Cl iffinVntlv hiif_ pven if thev are comoletelv eliminated* 
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the third term of our mathematical expression shows that another defect 
exists, which is serious for points in the image at an appreciable distance 
from the axis of the lens. It indicates that the emergent pencil passes 
through two focal lines perpendicular to each other and the principal ray, 
and so this defect of the image is known as astigmatism. The important 
thing to realise is that the radius of the circle of least confusion is propor- 
tional to the square of the distance of its centre from the axis of the lens, so 
that the defect is quite pronounced even though the aperture of the lens is 
small, the deviation from paraxial conditions being due to the large angle 
which the rays make with the axis on account of the large distance from it 
of the point from which they originate. The refracted pencil is astigmatic 
for the following reason. We showed in Art. 20 that a refracted pencil 
is astigmatic, when the focal length of the optical system through which 
it has passed is different in two mutually perpendicular planes. In an 
astigmatic lens this is due to one or both faces being cylindrical. In the 



M2 

Fig. 86. 


present case, while the point object is on the axis of the lens, the system 
is symmetrical, and so the focal length is the same in all planes through 
the axis of the lens and so the refracted pencil converges to a point image. 
But, as soon as the point object is off the axis of the lens, it is evident 
that symmetry has been lost and that the focal length of those rays in /the 
plane containing the object and the axis, the meridional plane, is different 
from that of the rays in the plane through the object at right angles to 
this, called the sagittal plane. We shall show shortly from Fermat’s 
principle that the focal length of rays in the meridional plane is less 
than that of those in the sagittal plane for a converging lens. The reader 
should be able to appreciate that the reason for this result is that the tilt 
of the lens is more pronounced for the rays in the meridional plane than 
for those in the sagittal plane. Assuming the truth of the above result, 
we can easily derive the nature of the refracted pencil. To consider the 
simple case in which the principal ray passes through the centre of the 
lens, let us imagine that the point object A' is vertically below the axis 
of the lens, which is horizontal, so that the meridional plane containing 
the extreme rays A^Mj and A^]Vl 2 is a vertical plane through the object 
and the axis of the lens, while the sagittal plane confining the rays 
A'Gi and A'G 2 is one containing the object and a horizontal diameter 
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of the lens (Fig. 86). The rays in the meridional plane inters^ at the 
tangential focus T and those in the sagittal plane at the sagit^ focus S 
farther away from the lens. Consequently, since these two pomts do not 
coincide, the refracted pencil comes to a horizontal line focus, the ^genml 
focal line, at T and to a vertical line focus, the sagittal focal line, at b, 
which is in the meridional plane and normal to the prmapd ray A O. 
The circle of least confusion lies between these two line foci and is the 
best image which can be obtained of a point object off the axis of a lens. 
It follows that this defect spoils the definition of the edges of the image, 
which rapidly gets worse as we get farther from the axis, since the radius 
of the circle of least confusion is proportional to the square of its distance 
from the axis of the lens. It must be emphasised that astigmatism only 
assumes this simple form if both spherical aberration and coma are 
absent and it should be added that coma itself is complicated by the 


presence of astigmatism. 

It is interesting to compare this astigmatism with that produced by 
an astigmatic lens, for they are not quite the same. The reader will 
remember that an astigmatic lens produces a sharply focussed image of 
the wires of a gauze parallel to the axis of its cylindrical faces in one 
position and a sharply focussed image of the wires perpendicular to the 
axis of its cylindrical face in another position, but that it cannot focus 
both sets of wires at once. This is true even for those points of the irnage 
on the axis of the lens. The nature of the astigmatism of the oblique 
pencil passing through a lens with spherical faces is different, because the 
asymmetry is due, not to any asymmetry in the lens itself, but in the 
position of the object. In general, the tangential focal line is normal to 
the meridional plane, while the sagittal focal line lies in that plane, both 
lines Deing perpendicular to the principal ray. Therefore the direction 
of these lines alters as the position of the object is changed. To appreciate 
this, let us consider the nature of the image of a wheel w'ith spokes 
placed with its centre on the axis of the lens. If a screen is placed normal 
to the axis of the lens at the tangential focal line for a point on the rim, 
the rim of the wheel will be sharply in focus, but the spokes wdll be out of 
focus. For, if the point of intersection of a spoke and the rim is con- 
sidered as the object, it wdll form a line focus at the tangential focal line 
normal to the meridional plane, that is, rerpendicular to the spoke, and so 
tangential to the rim of the w'heel. This will be true of every point on 
the rim, and so the whole rim will be sharply in focus. This explains 
the reason for the name tangential focal line. If the screen is moved out 
to the sagittal focal line for a point on the rim, then the part of the spokes 
near to the rim will be in focus and the rim wdll go out of focus, since the 
sagittal focal line lies in the meridional plane and so lies parallel to the 
spokes. 'Fhese lines point like arrows (sagitta) to the centre of the image, 
and this explains the name given to this focal line. We shall see below^ 
that the tangential and sagittal focal lengths decrease with increasing 
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oDiiquity, ana so, as the screen is moved outwards, the portions of the 
spoke in focus move inwards towards the centre. The reader should 
woric out for himself the nature of the image of an ordinary gauze 
formed by the lens. So we see that an astigmatic lens can focus sharply 
either of the sets of wires of a gauze, placed so that one set of wires is 
parallel to the axis of its cylindrical faces, and that the astigmatism persists 
right to the axis of the lens, whereas the astigmatism of an ordinary lens 
disappears for points on the axis of the lens, becomes worse the farther 
the point is from the axis, and consists in the ability to focus either a set 
of lines radiating from a point on the axis of the lens or a set of circles 
normal to those lines. 

For the sake of those readers who are interested in the point, we shall 
nQx^ derive expressions for the tangential and sagittal focal lengths using 
Fennat’s principle, but it is perhaps worth mentioning that it is not 
necessary to learn these proofs. They are merely inserted to show that 
f he above statements do follow from the fundamental laws of rays of 
fsvht. A parallel beam of light is incident on a converging lens at an 
a 6 io its axis, the principal ray striking the lens at G and pursuing 



Fig. 87. 


the path GLF(, while the marginal ray follows the path HKF*, so that 
Ff is the tangential focus of the beam, since the plane of the diagram is 
the meridional plane (Fig. 87). Let HG be normal to the beam and 
from the centre O of the lens draw OM normal to the direction of the 
incident beam to cut the marginal ray at M and the central ray produced 
at N. LP is a line from L normal to LFj to cut GN produced at P and 
FjL produced passes practically through O. If we assume that the 
lens is made of a material of refractive index n and is in air, we have 
from Fermat’s principle 


HK , KFf GL , LFt 
1 1 


c 


Cm 


Cm are the velocity of light in air and the 

.*. HK-f KF*=«GL+LFf 


since — =n 

Cm 

A HM4-MK+KFt==« . GL+OFt-OL 
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thickness of the lens 
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sn^, we may expand the term to the power ^ by the binomial 
and neslect terms in h* and higher powers ; so we have 
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in terms of sin B. 


1=1 

/. 7 



1 


sin 20\ i 


(1-— sin 20)1 


(n- 1X1 -sin 20) 


126 A Text-Book on Light [chap. vi 

Expanding by the binomial theorem and neglecting terms higher than 
sin 2^, we have 

f-y (n-l)(l-8in2fl) 

sin20j (37) 

So we see that the tangential focal length measured along the principal 
ray is less than the paraxial focal length for a converging lens. 

The calculation of the sagittal focal length /« follows the same lines ; 
the path of the principal ray through the centre of the lens is the same 
as above, but the two marginal rays are in phase with it, when they reach 
the lens. So we have 

l_2<r n cos (0—^1 
/« cos <!> cos <f> j 
1 1 ncos^— cos^ 

jry («-i) 



Again, the sagittal focal length measured along the principal ray is less 
than the paraxial focal length but greater than the tangential focal length. 
From equations (37) and (38) we have 

111 . 

. sin W 

fl fs f 

fs—ft oc sin 2^. 

This shows that the two line foci get rapidly farther apart, as the obliquity 
of the pencil increases, and hence the radius of the circle of least con- 
fusion will rapidly increase, as the distance of the point object from the 
axis increases. So this defect of astigmatism means that the definition 
falls off rapidly towards the edges of an image of a large object. The 
correction of astigmatism is closely related to that of another defect, 
curvature of the field, and it will therefore be considered along with the 

correction of this defect. 

s 

51. CURVATURE OF THE FIELD 

This defect does not occur, as a term in the mathematical expression, 
because that expression refers to the radius of the circle of least confusion 
formed round the paraxial focus. It is now nec^sary to inquire where the 
most sharply focussed image of objects a small distance from the axis of the 
lens will be situated relative to the paraxial focus. If A is a point object on 
the axis of a convex lens, which is stopped down so that only narrow 



The Defects of the Image 127 

central pencils cajt. pass through it, the position of its paraxial image B 
can be found from, the usual relation 

V u f 

If the line AOB is rotated through a finite angle about O in the plane of 
the paper, then A describes the arc PAQ and B the arc RBS (Fig. 88). 
If we assume that the focal length measured along the principal ray is 
independent of its angle with the axis, it is evident that RBS is the image 
of PAQ. For consider the point P ; the principal ray of the pencil from 
P going through the lens is POS, and as the focal length along this ray 
is the same as that of the lens and PO=AO, then the image of R is the 


Ra R 



same distance from O along POS as OB 
is now rotated about the axis of the lens, PAQ and RBS become portions 
of the surfaces of spheres with a common centre at O, and it follows that 
the image of a portion of the surface of a sphere whose centre is at O wdll 
also be a portion of the surface of another sphere wdth centre at O. As a 
rule objects of finite size are flat and we can deduce what w’ill happen 
in this case, if w^e imagine the surface of the sphere to be flattened until 
it becomes a plane PiAQ^ perpendicular to the axis of the lens. Again 
consider the point P. Owdng to the flattening of the spherical object 
surface it has moved back along the line SOP to P^. Now' it can easily 
be shown from the usual thin lens formula that, if a point object is moved 

the image moves 

in the same direction. (See Example at the end of Chapter 2.) So, if P 
moves to Pj to transform the spherical object surface into a plane 
object, the image point S moves inw'ards to Sj to form an image 
surface RiBS,, which will have a greater curvature than before. So the 
paraxial image of a plane object of finite area is a curv'ed surface concave 
towards the object in the case of a converging lens. We have finallv to 
take account of the fact, which was shown in the previous article, that 
both the tangential and sagittal focal lengths for oblique rays are less 
than the paraxial focal length. It is evident that this will cause both 


in any direction along the axis or principal ray, 


, and so it is at S. If the diagram 
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the tangential and sagittal focal surfaces to be of even greater curvature 
than the paraxial focal surface as shown in Fig. 88. The most sharply 
defined image will lie at the circle of least confusion which Hes on a 
curved surface situated between the tangential and sagittal surfaces 
(Fig. 89). Since it is frequently necessary to throw an image of a flat 
object on to a flat screen, this defect of curvature of the field will still 



further increase the loss of definition at the edges of the field due to 

astigmatism. 

^riie reader will see at once from Fig. 90 that the curvature of the 
field produced by a diverging lens forming a virtual image of a real 
object is in the opposite direction to that produced by a converging lens. 
The transformation of PAQ into the flat object PjAQj will tend to make 
the image RBS more 
that the focal length of oblique rays measured along the principal ray 


nearly plane, but this is counteracted by the fact 



Fig. 90 


is less than that of paraxial rays. This will cause the image of P to 
move towards the centre of the lens and so the final image will be in a 
position such as RiBSi. This suggests that the field may be flattened 
by a suitable choice of converging and diverging lenses and the following 
equation, known as the Petzval condition, must be satisfied to 

accomplish this : 


”l/l + ”2/2= 0 (39) 

where Wj and /j are the refractive index and focal length of the first lens 
and the corresponding letters with the subscript 2 represent the same 
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quantities for the second lens. This condition is valid for any distance 
apart of the lenses and, if it is satisfied, astigmatism is also corrected. 

It should be mentioned that curvature of the field is largely due to the 
change in focal length measured along the principal ray with obliquity , since 
all the above treatment only applies to objects so close to the axis that the 
curvature of the surface RBS (Fig. 88) will be very small. The above results 
are also true if the stop is separated from the lens by a finite distance. 

52. DISTORTION 

The first three defects spoil the definition of the image of a point 
object off the axis, but this last one, which arises from the fourth term 
in our mathematical expression, refers to its position relative to the paraxial 
focus. It resembles curvature of the field in this respect, although we 
saw that curvature of the field did affect the definition of the edges of 
an image if it was cast on a flat screen. But, whereas curvature of the 
field refers to the displacement of the actual image from the paraxial 
focus in a direction along the principal ray, distortion refers to its dis- 
placement along the line from the paraxial image perpendicular to the axis 



Fig. 91. 


of the lens. To understand how it arises it is necessary to imagine that all 
the previous defects have been corrected out, so producing a final point 
image somewhere on the principal ray. It is necessary to trace the course 
of this ray through the lens. In Fig. 91 B is the paraxial image of a point 
object A on the axis of the lens and B' is the paraxial image of the point 
object A' and so lies on the straight line A'OB', the auxiliary axis of the 
lens. The principal ray AT passes through the lens at a finite distance 
from the auxiliary axis A'OB', so that it will cross that axis nearer to the 
lens than the rays very close to the axis and intersect the plane through B 
perpendicular to the axis of the lens, on which the image is being cast, at 
Bp'. Hence the final point image of A' is formed at B/ nearer to the axis 
of the lens than the paraxial focus and the amount of the distortion is 
measured by the distance B'Bp' and is reckoned positive in the case shown. 
The full mathematical theory shows that the distortion is proportional to 
RBp 3. h jjigo increases as the stop is moved further from the lens, since 
the principal ray crosses the lens further from the auxiliary axis, and for 
the same reason it is zero when the stop coincides with the lens. It is easy 
to sec that the eflcct of this defect is to distort the image, and in the case 
of positive distortion the outer parts are closer to the axis than in the 

9 


paraxial image. Let us imagine that the object is a square whose centre 
IS at A and the mid-point of one side is at A', then the paraxial image 
has its centre at B and the mid-point of one of its sides at B' and h 

shown in Fig. 92 in dotted lines. The actual image 
of A' is at Bp', and that of the whole square is shown 
in continuous lines, the distortion of the comers being 
greater than that of a point such as B', since they 
are further from the axis. This kind of distortion is 
often called barrel distortion, since the image of the 
square looks like a barrel ; we see that it occurs, when 
the stop is between the lens and the object, and that 
the central parts of the image are magnified relative 
to the outer parts. (Plate III, Fig. 2.) 

If the stop is placed between the lens and the image, an examination of 
Fig. 93 shows that the principal ray crosses the plane through B peipen- 
dicular to the axis of the lens further from the axis than the paraxial focus. 




Fig. 92. 


This is the case of negative distortion and the actual image of a square 
is shown in Fig. 94, which accounts for this type being called pincushion 
distortion. The reader will notice that here the outer parts of the image 
are magnified relative to the central parts. It 
is essential to realise that this defect is a defect 


of the principal ray and that it persists, even if 
the width of the stop is infinitely small ; it 
must also be emphasised that it is not due to 
spherical aberration in the sense in which it 
lias been defined in this chapter, for it persists 
after that defect has been removed. So it is not 
correct, as is sometimes done, to attribute it to 
the fact that the focal length measured along 
the axis of the lens is less for marginal than 
for paraxial rays, for these focal lengths are the 
same after spherical aberration has been corrected. What we have learned 
about distortion suggests a way of correcting it by making a lens system 
of two separated components with a stop between them, so that the 
pincushion distortion due to the first is corrected by the barrel distortion 

due to the second. (Plate III, Fig. 3.) 




PLATE III 



Fig, I . The image of a gauze formed 
by rays passing obliquely through 
the centre of the lens showing 
astigmatism. 

(,7, II’. Mitchell) 



Fig. 3. Pincushion Distortion. 
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Fig. 2. Barrel Distortion- 
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Fig. 4. Refraction of plane waves in 
passing from deep water in the 
upper left-hand part of the photo- 
graph to shallow water in the 
lower right-hand part of the 

photograph 
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53. CONCLUSION 

We may sum up this important account of the defects of the image 
formed by a single lens in this way. Rays from a point object on the axis 
of a lens passing through the same zone of the lens come to a point focus 
on the axis, but the greater the radius of the zone, the nearer the focus 
is to the lens. This is spherical aberration and is measured by the 
distance from the paraxial focus to the focus of the given zone and is 
proportional to the square of the radius of the zone. This result follows 
simply from Snell s law and the spherical shape of the surfaces of the 
lens. It reduces the definition at the centre of the image of a large object. 
The same thing is true of the results obtained for points off the axis of 
the lens, where the case is complicated by the asymmetrical position of 
the object. The actual path of the various rays in the emergent beam is 
calculated ultimately from Snell’s law and the form of the expression 
leads to the properties of the beam being naturally split into five parts. 

he first three affect the definition of the best approach to a point image 
formed by the beam ; these are spherical aberration, coma, and astigma- 
tism. The first is just the same defect as occurred with points on the 
axis, the other two arise from the asymmetrical position of the object 
coma being an asymmetrical deformation of the image and astigmatisn^ 
the presence of two mutually perpendicular focal lines at right angles to 
the principal ray. The last two properties of the beam refer to the position 
of the imap, curvature of the field giving its distance from the paraxial 

distortion its distance at 
right angles to that ray It cannot be too strongly emphasised that these 

defects only occur m the simple form in which they have been described 
co'ma if Is? eliminated and. in the case of 

of the object, it follows that, in practice, they are not independent ^Conse 
and d ? d '' ^^corrected in any way. they are all present together 

There will be two constrictions in the beam at the tangential !nd saXai 
foci but they will have a finite width ; there will be an asymmefrical 
deformation of the image corresponding to coma, but the com^atic circles 

follows from this interdependence of the aberrations that the 

times advisable not to correct out an aberradoT^’n,? 

It may help to correct some later one. This is called^the^ ’hri 

the principles established Cre arriecTm T 

.( .h. ..-ou. ,p,to, 
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notice an important general principle in conclusion. In designing a thin 
lens to be as free of spherical aberration as possible, the usual paraxial 
relation is used to settle what pairs of radii of curvature are permissable 
for the faces and then the pair giving the least spherical aberration is 
found by ray tracing through the various permitted possibilities. So we 
see that the function of the paraxial relation is to limit the number of 
possibilities to which ray tracing is applied and so to shorten the laboui" 
of this trial and error method. Precisely the same thing is true in designing 
lenses which are free from the other aberrations, the full mathematical 
theory being used to limit the number of possibilities to which ray tracing 
is applied. 


EXAMPLES ON CHAPTER VI 


1 . What do you understand by spherical aberration ? 

The surface of greater curvature of a concavo-convex lens has a radius of 
curvature a and the centre of curvature of the second surface is distant (l-+-l//x)a 
from the pole of the first. Find the position of the image formed by a point object 
placed at the centre of the second curvature and show that no approximation is 
required concerning the aperture of the lens. {Oxford Schol.) 

2. State clearly and fully what is meant by spherical aberration. Discuss the 
various ways by which it is reduced to a minimum, bringing out the physical 
principles involved. 

3. In what way does spherical aberration spoil an image ? Can it ever be 
completely eliminated ? If so, describe fully how it can be done, proving that a 
perfect point image is formed of a point object. 

4. Lens aberrations are due to the violation of paraxial conditions. What are 
the two main ways in which such violation can occur ? Name the defecte produced 
in each case and indicate briefly their effect on the image of a point object formed 


by a single lens. 

5. Why do aberrations occur in an oblique narrow pencil passing through a 
lens, when there would be no aberration if the sanie pencil passed through the 
centre of the lens in a direction parallel to the axis ? Discuss briefly the five 
aberrations produced and indicate their effect on the image of an object of finite 
size placed normal to the axis of the lens. 

6. What are astigmatism, curvature of the field, and distortion ? What is the 
cause of them and how may they be reduced to a minimum ? 


7- Describe the usual defects in the image of an object formed by a lens, vvnar 
means are employed to correct them ? {Camb. i>cnol.) 

8. Explain why pincushion distortion is produced if a virtual image of an object 
is formed by a convex lens and looked at by the eye at some distance from the lens, 
while barrel distortion is produced if the lens forms a real inverted image which 

is viewed by the eye. 



/ 



Chapter VII 

THE EYE AND THE CAMERA 


THE 


We 


analysis 


having derived the concept or rnc u . 

and having seen that « We^have afso seen in a general way 

lenses under paraxial con ' theorems undergo, when rays 

what modifications our simp P , . . to apply 


inciucilt ttU . t • 

these theorems to the various optical mstruments 


improved. 

since theii -j- 

each other closely. 


^ and how their design may be 
n*^with the human eye and the camera, 
any rate, are fairly simple and resemble 


The eveTL’' organ of globular shape, about an inch in diameter, 
wWch is held in posftion in its socket by a set of muscles, which can also 

turn it about so as to make its optic axis 
point in various directions. It is enclosed 
in a hard opaque coat, S, the sclerotic 
(Fig. 95), which becomes a transparent 
window, the cornea C, at the front of the 


eye. a. ^ 

behind this window by the suspensory 


crystalline 


ligaments 



Fig. 95, 


lens by contracting and so altering the 

curvature of its faces. Inside the sclerotic ^ ^ 

there is-a coating called the retina R, which is sensitive to light, since 
llirwhole of its surface is covered with the nerve endings of he 

individual fibres of the optic nerve N, 

back and branches out in aU directions so as to send fibres to all parts 
of the retina. These nerve endings consist of rods and cones and, w ^ 
light falls on either a rod or a cone, an impulse is sent up the corresponding 
nerve fibre and a message is conveyed to the brain and the person rece.t ^ 

0 0011 to 0 00S4 mm. in diameter, but there are 18,000,000 rods to 

rones There is a sensitive region in the retina, a depression 


000.000 
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called the yellow spot. It is about 2 mm. across and in the 
middle of it is a smaller area, the fovea, about 0-25 mm. in diameter, 
which is the most sensitive place of all on the retina; it consists 
entirely of cones. The space between the cornea and the lens is filled 
with the aqueous humour, AH, a salt solution, while that between the 

lens and the retina is filled 
with a kind of watery jelly* 
called the vitreous humour, 
VH. Lastly there is a 
coloured diaphragm with an 
aperture of variable diameter 
in front of the lens. It is 

called the iris I and it is this 

# 

part of the eye which is 
referred to, when the colour 
of a person’s eye is mentioned. 

, The black hole in the middle 

1000 Qf tjie ij-jg jg called the pupil 

and it looks black to an 
observer because, when he 
looks at it, he is looking into the person’s eye, from which very little 
light emerges since the retina absorbs nearly all the light which falls on 



t.. 


, 0*4 7 ^00 

Field brightness in candles per sq. metre 

Fig. 96. 


It. 


amount 


of light falling on the eye, and it varies from 2 mm. to 8 mm. according 
to the brightness of the field at which the eye is looking in accordance 
with the relation shown in Fig. 96. 


55. NORMAL VISION AND ACCOMMODATION 

It is desirable to be acquainted with the order of magnitude of the 
various parts of the eye in order to understand how objects are seen, and 
a table is given of these magnitudes when the eye is looking at a point 
at infinity and at a point 152*5 mm. away (Table 8). All the quantities 
are measured directly except the position of the two principal foci. The 
refractive index of the crystalline lens is a mean value, since it is greater 
for the outer than the inner layers. It is clear from these numbers that 
most of the refraction takes place at the cornea^ as there is so little difference 
in refractive index between the crystalline lens and the aqueous and 
vitreous humours. The lens serves largely for accommodation. We shall 
understand most clearly how vision is effected by the eye, if we consider 
how it sees a point object, since an extended object can be analysed into 
a set of point objects, and what the eye does to one point object it does 
to the other point objects of which our extended object consists. Let 
us consider, then, a point object at infinity on the axis of the eye. It 
sends a set of rays parallel to the axis of the eye on to the cornea and these 
are converged, chiefly by the refraction at this surface, so as to come to a 
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Table 8 


THE MAGNITUDE OF THE OPTICAL SYSTEM OF THE EYE 



Refractive indices : 
Aqueous humour 
Vitreous humour 
Crystalline lens 



Distance from vertex of cornea of 
Front surface of crystalline lens 
Back surface of crystalline lens 

Fovea 


Unaccommodated . 


Accomnoodated 

for 152*5 mm. 


Radii of curvature : 

Front surface of cornea . 

Front surface of crystalline lens 
Back surface of crystalline lens 

Distance from vertex of cornea of : 
First principal focus 
Second principal focus 


1*337 

1*337 

1*437 

mm. 

3*6 

7*2 

24*0 


1*337 

1*337 

1*437 

zntn* 

3*2 

7*2 

24*0 


7*83 

10*0 

6*0 


7*83 

6*0 

5*5 


13*74 

22*82 


12*13 

20*95 



focus on the retina close to the fovea, which is just to one side of the 
optic axis (Fig. 97). Therefore a sharp image of the point is thrown on 
the retina and so the person sees the point distinctly. In the same way 
he will see an extended object clearly, as each point will send a parallel 
beam on to the cornea, the direction of each beam being slightly different, 
and so the position of its point focus on the retina being slightly displaced 
relative to that of neighbouring beams. In this way the eye forms a 

sharp image of the object on 
the retina and the person sees 
the object distinctly. The 
image of an erect object will 
be inverted, but this creates 
no difficulty as soon as the 



Fig. 97. 


person has learned by ex- 
perience to correlate his visual 
and tactual experience. He 
then automatically translates 
an inverted image on the 

retina to the existence of an 
erect object external to himself. It is easy to prove that the image is 

inverted by the following simple experiment. Cast a shadow of a pencil 

on to a screen with a point source, noting that if the pencil is erect, so 

is the shadow. Now place a lens just between the pencil and the screen 

and notice that this does not affect the relations between the object and 

its shadow. If a small hole is made in a piece of paper, which is then 
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held between the eye and a bright light, and a pin with its head upper- 
most is moved up so as to come between the pin-hole and the eye, a 
blurred view of the pin with its head downwards is seen. The previous 
experiment proves that the shadow of the pin cast by the illuminated 
pin-hole on the retina is erect, but the object seen by the eye is inverted,' 
which shows that the image of an object formed by the eye is inverted. 

\Vhen the eye sees distant objects, the crystalline lens is at its weakest 
and the ciliary muscles are relaxed. With this arrangement the second 
principal focus is at the retina. To see objects close to, as for example 
when reading a newspaper, the ciliary muscles contract and the curvature 
of each face of the crystalline lens is increased, thus increasing the power 

of the lens and so enabling 
the divergent beam of rays 
from each point on the 
newspaper to be brought 
to its appropriate point 
focus on the retina (Fig. 
98). So the reader can see 
the print distinctly. This 
ability to decrease the 
effective focal length of the 
eye, or to increase its power, 
is called accommodation 
and it can be measured in numbers in the following way. Let us imagine 
that the eye is replaced by a model, in which all the refraction is done 
by a thin lens placed at the cornea, and that the aqueous and vitreous 
humours are replaced by air. If we assume that the distance from the lens 
to the nearest point of the retina is 25 mm. for simplicity, then the focal 
length of the lens when viewing distant object is 2-5 cm. and its power 
is 40 dioptres. In order to view an object 10 cm. away, the focal length 
of the lens must be decreased so that the image of this object is cast on 
the retina 2-5 cm. away, and so we have from the usual equation 

1 1 _1 
+ 2-5 -10"/ 

whence f=2-0 cm. 

and so the power of the lens must be increased to 50 dioptres. If this 
object is at his near point, which is the least distance from the eye at 
which he can see objects distinctly, then his accommodation is 10 dioptres. 
We see that it is the greatest change in power in the optical system, which 
can be produced by the ciliary muscles. The way, in which the accom- 
modation changes with age is shown in Table 9, which is taken from 
Hardy and Perrin’s “ Principles of Optics,” and is for a typical eye. This 
means that it is the mean of a number of observations made on normal 
eyes. As is to be expected, the accommodation decreases with age and 
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ultimately may become aero owing to the dli^ muscles losing their 
power and to the crystalline lens becoming less elastic. 


Table 9 



20 

25 

30 

35 

40 

45 

50 

55 

10 

8 

7 

5-5 

1 

4*5 

3-5 

2-5 

1*75 


60 


100 


65 


0-50 


70 


0-25 



0 



0 


Age in years 

Power of accommodation 

in Dioptres. 

While considering normal vision we may u^fully refer to 

inLfty for the normal eye. The point at which the optic nerve enters 
the rrtina is insensitive to light and is called the blind spot. If any 
part of an image falls on it, that part will not be seen. Its existence cm 
Lsily be demonstrated by drawing a small circle about an eighA of an 
inch in diameter and a large dot about three-eighths of an inch in dimeter 
some three inches apart on a piece of paper. The piece of paper is now 
held some distance away from the eyes, so that the small dot is opposite 
the left eye and the large one opposite the right eye. If the left eye ^ 
closed and the small dot is steadily observed with the right eye, the 
large dot will disappear if the paper is moved to and from the eyes, un^ 
the correct distance away is found. This occurs when the in^ge of the 
large dot falls on the blind spot and, since the large dot is to the right ot 
the small one. whose image will be formed almost directly behind the 
centre of the pupU, the blind spot is on the nasal side of this point. We 
now turn from the place where there is no vision to the place where it is 
most acute, the fovea. This is the region in the middle of the yellow 
spot where there are only cones and, when a person wishes to see any 
object distinctly, he turns the whole eye so that its image falls on the 
fovea. From the dimensions of the fovea and the other constants of the 
eye, it can be calculated that an object must only subtend an angle of 
0 - 87 ‘' at the eye, if the whole of its image is to fall inside the fovea, and so 
the whole of objects larger than this cannot be seen distinctly. If the eye 
is looking at a large object, such as the page of a book, it can only examine 
carefully a small portion of the page and has to scan the whole page to 
read it all. It is interesting to see that the eye is subject to the same 
limitations as the transmitter of a television apparatus, which must scan 
the subject strip by strip. If the eye can only see a limited held distinctly , 
how distinctly can it see things in that field ? It must be clearly under- 
stood that the indistinctness in the remainder is not due to the image 
being out of focus, but to the nature of the nerve endings in these parts 

of the retina. Let us express our question more definitely ; what is the 
1^00* noinfs mav subtend at the eve and vet be seen as 


points 


angle is called the resolving 
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the smaller it is, the greater the amount of “ grain ** or detail the eye will 
see in a given object. It turns out that the resolving power of the eve is 
about one minute of arc. This limitation is due to two things. Firstly 
it the points subtend a smaller angle than this, their images fall on the 


“ grain ** 


same cone, and so the eye registers them as one object, 
concerns the grain of the retina itself, as it were. The s 


limitation 


second 


to the nature of light itself. When we come to discuss this in detail in 
the later chapters of the book, we shall see that there are slight departures 
from the two fundamental laws of rays of light and that the image of a 
point object formed by a lens free from all aberrations is a small disc. 


mcreases 


mmute 


these two discs overlap to such an extent that the eye cannot distinguish 


<•2 


10 


gO0 

a 

• 2 ? 0 6 


^ 0 *4 
Q? 


0-2 



2 4 

Diameter of pup// in mm 


Fig. 99. 


cannot distinguish the two points 
as separate any longer. If measure- 
ments are made of the relation 
between the acuity of vision and the 
diameter of the pupil, the results 
are as shown in Fig. 99. The 
acuity increases until the pupil 
diameter is 2 mm., due to the 
decrease in diameter of the disc 
formed by the lens. It is then about 
the same diameter as that of the 
cones and so further increase in the 
diameter of the pupil does not 
produce any increase in acuity, 
since the size of the cones is the 
controlling factor now. When the 


diameter reaches about 4 to 5 mm., the acuity decreases again because 
spherical and chromatic aberration increase the size of the image. So, at 


very small diameters of the pupil, the nature of light itself lowers the acuity 
of vision, at large diameters the geometrical shape of the refracting surfaces 
keeps it down, and at intermediate diameters the anatomical structure 
of the retina limits it. This finite value of the resolving power of the eye 
throws important light on the performance of optical instruments in 
general and in particular on why the actual lens approximates so closely 
to the thin lens, even when rays making an angle of two or three degrees 
with the axis pass through them. In order to subtend an angle of one 
minute at the eye two points 25 cm. away must be 0*073 mm. apart ; 
in fact, there is no point in presenting a perfect point focus to the 
eye, since it cannot distinguish between this and a circle of least 
confusion of diameter 0.05 mm. Consequently we see that this im- 
perfection of the eye allows a small but finite departure from paraxial 
conditions without any deterioration in the definition of the image, and 
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this is one of the reasons why an actual lens behaves so nearly like a *in 
Id why dte concept of the thin lens is so u^ ul m helpmg us to 

We have seen thTt white Ught consists of a set of homogeneous or pure 

colours ranging from red through the spectral colours to violet , it is 

. 1 nf the eve vanes with colour. 


In 


unit area emits a given amount of energy 


unit time, how will the brightness 
vary as the colour of the 
radiation emitted is varied 


the 


from red through 
spectrum to violet ? This 
has been investigated ex- 
perimentally and the results 
for a typical normal eye 
are shown in Fig. 100, 
the curve A being for a 
surface at normal brightness 
corresponding to daylight, 
and curve B being for 



surface which is only just 
visible. If the reader 
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hVaue-length 
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Fig. 100. 


familiar 


ccption of wave-length as a way of interpreting colour, he may regard it 
for the moment as a kind of universal refractive index. It will be seen 
that, under daylight conditions, the eye is most sensitive in the yellow, 
but that the region of maximum sensitivity shifts to the blue when the 
surface is much fainter. This is held by some people to account for the 
fact that moonlight is “ cold,” since the eye is more sensitive to blue and 

violet under these conditions. 


56. DEFECTS OF THE EYE 

The defects of the eye may be divided into two classes, those due to 
abnormality in the refracting surfaces of the eye, and those due to diseased 
condition of some part of the eye. ^Ve shall only deal with the first of 
these two classes, as the second, which includes such diseases as cataract, 
the formation of an opaque layer over the lens, and detachment of the 
retina, are matters for the surgeon rather than the physicist. The first 
defect appears when old age comes on and is called presbyopia or lack 
of accommodation. The symptoms are that the subject cannot see 
distinctly any near objects nor can he read a newspaper, while his vision 
for distant objects remains good. Also the older he gets, the further away 
objects must be before he can see them distinctly, or, in technical terms, 
his near point recedes. This is due to the fact that he loses the power 
io decrease the focal length of the crystalline lens as he gets older, because 
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the lens itself loses its elasticity and the ciliary muscles get weaker We 
have already given figures illustrating how this power of accommoditioii 


decreases 


subject 


specucles consisting of convex lenses for reading, the specUcles 
forming the converging of the light which should be done by the incr^ 


power 


point is at 50 cm 


the focal length of the lenses needed to restore it to 15 cm. is given by 

1 1 1 


50 


or 


is / 

/= + 21-4 cm. 


these 


or about 5 dioptres, since the cry’stalline lens has lost this amount of ito 
accommodating power. It is obvious that these spectacles bring the far 
point of the e> e from infinity to 21-4 cm., since rays at this distance from 
the eye ern^rrge from the lens as a parallel beam and will be brought to 
a focus on the retina by the unaccommodated eye. Consequently 
spectacles mot only be worn for reading. I have known an engine 
driver wIk) aufiered from presbyopia and who would not go to church 
because he had to wear glasses to follow the prayers and hymns. He 
th: light that his friends would assume that, as he was wearing glasses 
for reading, his sight lor distant objects was not good and he should not 
be following his occupation ! Needless to say his fears were groundless 
and, in any case, railway companies t' st the sight of their drivers every 
six months. 

7'he second defect is called myopia or short-sightedness, and the 
reader will avoid confusion if he realises that the second term refers to 


what the subject can do, not to u hat he cannot do. The symptoms, then, 
are that the subject can see distinctly objects a short distance away, but 
he cannot see clearly objects further away than some fairly definite distance, 



Fig. 101. 


which varies for different persons. In technical terms his far p>oint is at 
a finite distance away instead of at infinity, and his near point is also closer 
to the eye than is the case with normal-sighted persons. It is quite com- 
mon for a short-sighted person to have his far point at 50 cm. Instru- 
ments are available for measuring directly the radius of curvature of the 
various refracting surfaces of the eye, and it is found that the radius of 
curvature of the cornea is practically the aamc for all eyes. The cause 
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at infinity on the ax« the retina itself (Fig. 101). 

retina and produce a spot cannot focus objects at 

infinity. His ^ j „„ the retina when the crysuOline 

ZZ tZ&Vm. Since the refracting system of the eye » too 
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nnwerful relative lo tnc Aiv*** 

for this defect is to weaken it by fitting the subject with 

point, and so the typical subject mentioned above will ^ [ 

2 dioptres (Fig. 103). If his near point is at 8 cm., the trader 
will nna it interesting to calculate its position when he is wearing these 
specucles. Myopia usually comes on between the ages of ten and sixteen, 


power 
will 
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when the subject is growing fast and his eyes are developing, and may be 
caused by too much reading. Apparently the ciliary muscles may 
strain the shape of the eyeball, if they are used too much. It is being 
claimed that myopia can be cured by restoring the normal shape of the 
eyeball by suitable massage. I have known candidates who have failed 
the medical examination for entrance to the navy and have undergone 
such treatment in the effort to reach the necessary standard. They have 
succeeded, but these methods have not yet come into general use and 

their efficiency is by no means established. 

The third defect is hypermetropia or long-sightedness. The 



symptoms are that the subject can see distant objects distinctly but 
he cannot see near objects clearly, in other words, his near point is 
abnormally far from the eye. He also suffers from headaches. The cause 
of this defect is that the eyeball is elongated in a direction at right ancles 
to the optic axis, and so the retina is abnormally close to the cornea 

ivnirn if TY-iiiof I 1 .t 


. , — ill me normal 

eye. Consequently rays from a point at infinity on the axis of the eye 



Fig. 104. 



come to a focus behind the retina when the crystalline lens is relaxed 
(Hg. 104), and so the ciliary muscles must always be in use, which is 
Vv'hy the subject suffers from headaches. Even when the ciliary muscles 
have increased the power of the crystalline lens to its maximum, a point 
on the axis of the eye must still be beyond the normal near point, if the rays 
from it are to come to a focus on the retina and not behind it. Since the 
refracting system of the eye is too weak, the remedy for this defect is to 
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increase it by prescribing for the subjetit spectacles fitted with converging 

lenses (Fig. 105). If the near point of a long-sighted person is 30 cm. 

away, then the focal length of the lens needed to enable him to see 

objects at the more usual near point of 15 cm. is a lens which forms a 

virtual image at 30 cm. of an object 15 cm. from it. Its focal length is 
given by 
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30 


15 / 
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tliw 




f w 
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ii/K<>nre fssSO cm.. and so ne neeas cuuvcji. , * 

which he must wear always so as to avoid having to use his ciliary muscles 

to see distant objects clearly. ^ and is 

The last and most common defect of the eye is astig . 

caused by the curvature of the cornea being different in 

whl^ distant objects are being viewed, this means that die f^al len^ 


us imaerine, for the sake of argument 


r^SrtTnTUrti^^rpirne and least in ’a horizontal plane, then the fo^l 

u4th of the eye is least in a vertical plane and greatest in a horizontal 
plane This causes the refracted pencil corresponding to a solid inciden 
Lim to be astigmatic, and so the best focus of a point object which can 
be obtained is the circle of least confusion, and a person suffering from 
astigmatism never sees any object at any distance quite distinctly It 
also follows that he can focus the vertical strips of mortar m a wall, tor 


example, and not the horizontal ones, or 
the horizontal ones and not the vertical ones, 
but never both sets simultaneously. Nearly 
everyone suffers from astigmatism to a slight 
extent, but the planes of greatest and least 
focal length are not always horizontal and 
vertical. It is detected by asking the subject 
to look at a card, on which there are a 
number of fine black lines arranged like the 
spokes of a wheel (Fig. 106). One of these 
will usually look more distinct than any of 
the others, and the one at right angles to Pig joG. 

this one will look the least distinct. If this is 

the case, the subject does possess astigmatism with the axes of greatest and 
least focal length along the lines which are most and least distinct. The 
defect is cured by prescribing spectacles fitted with astigmatic lenses, 
whose curvatures and axes are so chosen that, together with the cornea, they 
form a refracting system whose focal length is the same in every plane. 
It is important to realise that such lenses must not only have the correct 
curvatures, but that they must be fitted in their frames with the planes 
of least and greatest focal lengths parallel to the directions of greatest 
and least focal length of the eye. If the lens drops out of its frame, the 
subject cannot just put it back again, if the frame is circular, but must take 
it to the optician to have it correctly fitted- It is believed that the famous 
diarist, Pcpys, whose eyesight failed in old age, was merely suffering from 
astigmatism, which could not be corrected in those days, partly because 
the nature of the defect was not understood and partly because, even if 
it had been, the skill necessary to grind cylindrical lenses had not been 
developed. 



57. SIGHT TESTING 

r 

We shall now give an outline of the method by which an ootician 
tests a subject’s sight, and how he finds the precise power of thc^lenses 
needed to correct any defects which he may discover. The reader might 

A ^ i!^ positions of the subject’s near and far points. If he 

50 cm., for example, then he knows 
that the subject IS myopic and needs spectacles fitted with concave lenses 

of focal length 50 cm. But what does the statement at the far point is 

at 50 cm. imply ? Presumably it means that the subject can read print 

distinctly at 49 cm. but not at 51 cm. It is safe to say that no such person 

has ever been seen in an optician’s testing-room, and indeed that he does 

not exist outside the text-book. A simple case* of this kind serves as an 

admirable and simple illustration of the defect and the lines along which 

It IS corrected, but, in practice, it is quite impossible to fix the far point 



Fig. 107. 


within such close limits as those specified above, and so a quite different 
method is adopted. 

The optician first needs some way of specifying the visual acuity of 
the subject, and a special set of letters has been devised to do this. 
They are arranged in horizontal rows on a card, the letters on any one row 
being of the same size. The standard sizes are such that the letters can 
be read by a normal-sighted person at distances of 2, 3, 4, 5, 6, 9, 
12, 18, 24, 36, and 60 metres respectively, the letters themselves sub- 
tending an angle of five minutes at these distances, while the strokes and 
spaces subtend an angle of one minute (Fig. 107). A card of one of these 
sets of letters is known as a Snellen chart, and the subject is placed at a 
distance of 6 metres from the chart, which is well illuminated, and asked 
to read with the right eye only the row of largest letters first and to con- 
tinue to the next row and so on, until he reaches the row containing the 


smallest letters which he can read correctly. 


normal 


A 


that is, his actual distance from the chart divided by the distance at which 
he should be able to read the smallest letters, which he succeeds in reading 
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correctly If the smallest letters which he can r«d are those whkh a 

normal-sighted /“f .IcrsTh'Th a noSslghud person 

S -d tt 1' lues hiracuity is f . which is abnormally h^h hut ts 

If the acuitv*^of either eye is below normal, the optician then carries 
out an objective examination of that eye in order to 

purpose is the ophthalmoscope, which was invented by Helmholtz 

the subject’s eye and so to illuminate his retma_ Some hght will emerge 
from the retina out through the cornea and through the small hole in 
the centre of the silvered mirror and so into the eye of the optician, 
who is thus able to examine the subject’s retina. It the subject s eye is 


0(}ticjan's Eye 


Sybjcct's Eijv 



From source 
of tight 
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normal and is unaccommodated, then the beam of parallel light will 

come to a point focus on the retina, but if an extended source is used, a 
finite area of the retina will be illuminated. The beam emerging trom 
any one point of the retina will be rendered parallel by the unaccom- 
modated eye and will enter the optician’s eye, which will bring it to a 
focus on his own retina, if his own eye is unaccommodated. Conse- 
quently the optician will be able to see the subject’s retina clearly in the 
ophthalmoscope, if the subject’s eye is normal and unaccommodated* 
Any tendency on the part of the subject to accommodate his eye is pre- 
vented, if necessary, by paralysing the ciliary muscles with a drug such 
as atropine, while a similar tendency on the part of the optician is over- 
come as the result of continual practice. If, however, the subject is 
myopic, it is clear that the optician cannot see the subject’s retina clearly, 
since rays from a point on it emerge from the cornea as a convergent beam 
and come to a focus at the subject’s far point, which may be. very close 
to the optician’s eye, and, in any case, his unaccommodated eye will cer- 
tainly not bring such a beam to a focus on his own retina. The subject 
IS then fitted with a trial frame, which fits in front of his eyes just like 
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a spectacle frame, and into each side of which two or more lenses can be 

finds by trial and error the weakest concave lens 
which will enable him to see the subject’s retina clearly. It is clear that 

us IS the lens needed to correct his myopia, since it makes a beam of 
rays starting from a point on the retina emerge from the spectacles as 
a parallel beam and so it will also cause a parallel beam striking the 
spectacles to come to a focus on the retina and so remove the far pomt 
of the eye to infinity. Precisely the same thing is done with a hyper- 
metrope, the strongest lens being found which enables the optician to 
see the subject’s retina clearly. Each eye is tested separately in this way. 
It is right to add that the objective examination is more commonly carried 
out with a retinoscope, but this method of finding the precise defect of 
the eye and the power of the lenses needed to correct it is rather involved, 
and any reader who is interested should consult a book on sight-testing. ’ 
This objective examination, so called because the subject is quite 
passive and is not using the ciliary muscles in any way so as to improve 
Isis vision artificially, is now followed by a subjective examination. 
Alter the effect of the atropine has worn off, the subject is once more 
put before the Snellen Chart at the standard distance of 6 metres and 
the ti ial frame is fixed in front of his eyes. First the right eye is examined 
m tliis way ; the lens found by the ophthalmoscope is placed in the trial 
frame and the subject is asked to read the Snellen Chart. If his acuity is 
not I, then other lenses are substituted in the trial frame so as to alter the 
power of the experimental spectacles, until his acuity is as nearly normal 
as possible. In the case of a myope, the power of the lens in the trial 
frame is so chosen as to he a little less than that needed to bring vision 
up to normal, since myopes tend to hold books too close to their eyes 
and so to put unnecessary strain on the ciliary muscles. In the case of 
a hypermetrope, the optician puts a convex lens in the trial frame which 
is strong enough to “ fog ” the subject, that is, even with his eye unaccom- 
modated he still cannot see the letters on the chart distinctly. Then 
weaker lenses are tried until his acuity is normal. When the right eye 
has been fitted in this way, a similar test is performed on the left eye 
and the power of the lens required for each eye is simply that of the 
individual lens in the trial frame when the acuity is normal or as nearly 
normal as is desirable. In order to carry out this test efficiently, the 
optician is provided with a set of trial lenses whose powers vary from 
H-O-S dioptres to -f 10 dioptres, and —0*5 dioptres to — 10 dioptres in 
steps of 0-25 dioptres, and this gives him such a variety of lenses to choose 
from that he can obtain the necessary correction with the use of only 
one lens for each eye. 

Finally the subject is placed before the chart designed to detect astigma- 
tism (Fig. 106) and, after his left eye has been covered up, he is asked 
to say which line looks the sharpest. Let us assume that the vertical 
line is the most distinct. Then, as a rule, it means that the curvature of 
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the cornea of the right eye is greatest in a vertical pUne ^ jf 
in this plane. For, if this is the case, a beam of rays parallel to th 
optic axis of his eye will come to a horizontol line focus l^fore *e re ma 

for horizontal lines and normal-sighted for verti^ Imes. The 

then proceeds to cure the astigmatism by putting concave cylmdri 

lenses in the trial frame with their axes honzonul, un^ he has found- a 

« • , « 4*^ CM all lirif^ m the chart 


astigmatism 


single icns wmv-u v**- w — j — ^ ^ 

equally clearly. He has then only two lenses in the trial frame one 

--1 i^«e. ♦ra thf> lon^ Of short-sightedncss and one cylindrical 

lens CO Having done this for each eye, he pro- 

ceeds to make up the prescription by writing down the power of me 
spherical and cylindrical lens in each side of the trial frame. A typiral 
prescription reads as follows, O.D. standing for oculus dexter, or the 
right eye,' and O.S. for oculus sinister, or the left eye : 


O.D. 

O.S. 


SPH. 

CYL. 

-»-20 

-10 

+20 

-1-5 


AXIS 


90° 

90° 


This means that the subject needs for his right eye a spherical converging 
lens of 2 dioptres and a diverging cylindrical lens of power d dioptre with 
its axis vertical, while for his left eye he needs the same spherical lens 
together with a cylindrical diverging lens of power T5 dioptres with its 
axis vertical. This prescription is sent to the workshop of the opticians 
and the way in which it can be made up into a single lens for each eye 
and the various types of spectacle lens in use will be considered in the 
next article. 


58. TYPES OF SPECTACLE LENS 


When the above prescription is received in the workshop, the lens 
grinder can make up the spectacle lenses in two different ways. In the 
case of the right eye he can start with a flat piece of glass and grind one 
face to be a convex sphere of power 2*0 dioptres and the other to be a 
concave cylinder of power — TO dioptres, the lens for the left eye being 
prepared in a similar way. The radius of curvature of the faces is cal- 
culated from the relation 


fi 


1 


./ 


(«2 


\^1 ^‘ 2 / 


r 2 being put equal to infinity, as all the power is to be produced by the 
curvature of one face. Tables are drawn from this relation from which 
the lens grinder can look up the required radius of curvature, given the 
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required power and the refractive index of the glass he is to use. Lenses 
made in this way are called flat lenses, and, while they give good vision 
when the subject looks through the middle of the lens, there is consider- 
able deterioration if he looks through the edges of the lens at objects to 
one side owing to the aberrations which occur, when pencils pass obliquely 
through a thin lens. It is found that this difficulty can be decreased 
by the use of toric lenses, in which the face of the lens nearer to the 
eye is a concave sphere, while the other face is so ground as to correct 
both the myopia or hypermetropia and the astigmatism. If there is 
astigmatism, the curvature of this face will be different in two given 
mutually perpendicular planes and so its surface is toroidal, which is 
why the lens is called a toric lens. The surface of a circular ring, the 
cross-section of whose material is also circular, is a good example of a 
toroidal surface. It is found that the best results are obtained by 
grinding the face near to the eye to have a power of -6-0 dioptres, and 
so the other face of the lens needed for the right eye in the above 
prescription will be ground to have a power of +8-0 dioptres in 
a vertical plane and +7-0 dioptres in a horizontal plane, the corresponding 
powers for the lens for the left eye being +8-0 dioptres and +6-5 dioptres 

respectively. Special tools have been designed for the grinding of these 

lenses. 


1 inall}'^, there are bi-focals, in which each lens of the spectacles consists 
oi two parts, the upper portion, A, being used to correct distant vision, 
while the lower portion, B, is a lens of greater power to enable the subject 
to read comfortably (big. 109). The aim of bi-focals is to save the subject 

the trouble of having to change from one pair of 
glasses to another, when he wishes to read after 
having been out of doors or to go out of doors 
after reading, and the necessity for them can be 
made clear by the following concrete example. 
A subject has a far point at 200 cm. and his 
near point at 10 cm. when he is young, and his 
myopia is so slight that he will probably not 
notice it and will not wear glasses. As he grows 
older, his vision for distant objects will get 
worse probably because the small amount of 
astigmatism from which almost everyone suffers increases, and his 
accommodation decreases so that, when he is fifty, his far point is still at 
200 cm. while his near point has receded to 40 cm. So he needs convex 
lenses to correct for his presbyopia, and his distant vision will also need 
correction by concave lenses. So he is prescribed bi-focals, in which the 
upper component is a concave lens of focal length 200 cm., which removes 
his far point to infinity, and the lower component is a convex lens of focal 
length of 40 cm., which will bring his near point from 40 to 20 cm., as the 
reader should verify. It is interesting to calculate his near point when 

s 



Fig. 109. 
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40 u 
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from which ti 


50 cm. The far point when reading is given by 


1 


1 


1 


200 u -1-40 


from which 33-3 cm. Therefore the subject cannot see objects 

Ltinctly between 33-3 and 50 cm. away when wearing his bi-focals so, 
even with these more elaborate spectacles, he still suffere from a >tmd_ f 
blind region, although its extent is much less than that under which 
he laboured without any spectacles or with only single-lens spectacles 
But it would be quite wrong to conclude this account of the defects 
of vision and the way to remedy them on a note of pessimism. Lenses 
and mirrors have been known from the earliest tunes and the first 
specucles probably arose from the use of the reading-glass, which was 
merely a convex lens used as a magnifying glass by old people suffering 
from presbyopia. It was the very existence of mirrors and lenses from 
earliest times, and the discovery that they produce magnified imagra 
and can be used as an aid to vision, which stimulated interest m the 
theory of optics and led to the discovery of the various theorems of 
geometrical optics which have been discussed in the previous chapters 
Here the knowledge of striking, interesting, and useful facts stimulated 
pure scientific discovery, the fruits of which have proved useful in 
industry, in that they have led to a much wider understanding of vision 
and the correction of its defects. This is surely one of the greatest benefits 
which science has conferred on humanity, when we reflect on the misery 
and limitations imposed on persons suffering from short-sight, long-sight, 
or astigmatism with no hope of any relief. But it is well to bear in rnind 
that the present state of our knowledge in this field is indebted both to 
pure science and industry. It was the latter which made use of the 
existing lenses as spectacles ; it was the scientist who devised the explana- 
tion of how the spectacles did their task and so explained to the man of 
industry how to make spectacles to cure long-sight and short-sight as well 
as presbyopia. He finally mastered the more subtle defect of astigmatism, 
but here the information derived by the scientist would have been of no 
avail if the industrial w'orker had not learned how to grind the new 
cylindrical and toroidal surfaces recjuired for the correction of astigma- 
tism. It is a mistake to regard the advance in the control and under- 
standing of nature as due entirely to pure science or equally to industry , 
the rate of progress is most rapid, when there is two-way traffic bettyeen 
these tw'o spheres of activity, and each becomes sterile if divorced fiom 
the other. The force of this argument will become stronger as our 

investigation proceeds. 
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59. COLOUR, COLOUR VISION, AND COLOUR PHOTO- 
GRAPHY 

While considering the eye as an optical instrument, it is natural to 
inquire how it distinguishes different colours from one another, which 
leads to the subject of colour vision and colour blindness, yet another 
defect of the eye. The word “ colour ** is used in three different senses, 
which must be carefully distinguished. It may refer to an object, the red 
wool, to the objective stimulus proceeding from it, the red light, and to 
the sensation produced by the stimulus, the sensation of red experienced 
by a person looking at the red wool in daylight. The term “ red light,” 
or “ coloured light,” will be used to refer to the objective stimulus and 
the term “ red sensation,” or “ coloured sensation,” will be employed to 
denote the physiological sensation experienced when the stimulus strikes 
the retina. 

Newton established the fact that, while a given coloured light of a 
given refractive index in a given medium always produces the same 
colour sensation, that colour sensation is not necessarily due to that same 
coloured light, but may be due to a combination of various coloured 
lights. For example, the sodium D light invariably produces the yellow 
sensation, but the same sensation is not invariably due to sodium D 
light ; it can be produced by the addition of red and green light in suit- 
able proportions. A large amount of work has been done in recent years 
on colour mixing along the following lines. One half of the field of view 
is illuminated with monochromatic light of given wave-length and at a 
fixed energy, while the other half is illuminated with three given coloured 
lights of wave-length Aj, A2, and A3, whose energies can be varied by a 
measurable degree. (The reader is reminded that wave-length is a kind 
of universal refractive index, an absolute way of specifying a given coloured 
light.) The monochromatic light is first adjusted to have a wave-length 
Ai, keeping the number of ergs emitted per second always the same. 
Then the energies of the wave-lengths Aj, A2, and A3 are adjusted so that 
the colour sensations in the two halves of the field are the same, that is, 
so that a perfect colour match is obtained. The energies for A2 and A3 
are obviously 0 and that for Aj is fixed for convenience at 100 . The sanie 
procedure is then adopted for A2 and A3. After this the monochromatic 
light is varied in wave-length from the violet to the red end of the spectrum 
keeping the energy output constant, and the energies of each of the wave- 
lengths Aj, A2, and A3 needed to obtain a perfect colour match for each 
wave-length are determined. Two significant results are obtained by 
experiments of this sort. Firstly, it is found that the colour sensation 
of any given monochromatic light can be perfectly matched by the addition 
of suitable energies of the three coloured lights of wave-length Ai, A2, and 
A3, and a typical set of results is shown in Fig. 110 . Secondly, there are 
not just three coloured lights with which matching can be accomplished, 
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many sett of three. These results are of the greatest use in 

;e LjHent that they can be made the basis of an exact 

necessary to settle by international 
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poses 
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latching. ^This will ensure that any particular colour re^faon c m 
be guaimtLl'^n! the above facts had been established. A detailed 



treatment of this important advance is out of place in this book, and for 
further particulars the reader should consult an advanced text-book 

such as Hardy and Perrin’s “ Principles of Optics.” 

What light do these facts throw on the mechanism of colour vision ? 

At the outset, the contrast between the ear and the eye is striking. It 
is not possible to produce the sensation corresponding to a particular 
note, such as middle C, by producing simultaneously three other vibra- 
tions of suitable frequency. In fact, if three vibrations of different 
frecjuency are produced simultaneously and the waves set up enter the 
ear, it records simultaneously the. three sensations which would be per- 
ceived, if the three vibrations were produced in turn. If two vibrations 
q£ \ncry nearly the same frequency round and about 256 c.p.s. are pro- 
duced, the ear will record two separate sensations until the frequency 
difference is less than 2 c.p.s. This ability of the ear to distinguish 
between notes of nearly equal frequency over the whole audible range 
IS explained by the existence in the ear of a large number of stretched 
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fibres or strings, whose natural frequencies cover the range of audible 
frequencies and which respond to the incoming waves. Simplifying 
matters for the sake of brevity, if the frequencies of the two incoming 
Avaves differ by more than 2 c.p.s., two separate fibres are set into vibra- 
tion and so two sensations, or two notes, are recorded by the ear. Similarly 
the inability of the eye to register two sensations, when two coloured lights 
are received, indicates that there are far fewer receiving systems in the 
eye than in the -ear. The fact that the colour sensation corresponding 
to any given monochromatic light can be produced by the addition of 
suitable energies of three given monochromatic lights suggests that there 
are just three sets of mechanisms in the eye, which, when set into operation 
or excited by incoming light, produce the sensations corresponding to 
these three monochromatic lights. The extensive evidence which has 
been collected on colour matching and colour blindness has made it 
possible to select the three monochromatic lights, whose sensations are 
experienced when the three sets of mechanisms are excited, out of the 
many sets of three monochromatic lights, which will produce perfect 
colour matching. One mechanism pj^duces a red sensation, one a 
greei. sensation, and the third a blue sensation. It is clear that these 


mechanisms must respond to incoming monochromatic light in accord- 
ance with the curves shown in Fig. 110, which have been drawn up to 
represent the results of colour matching by the three monochromatic 
lights corresponding to the three mechanisms in the eye. As far as the 
experunental results are concerned, the ordinates represent the energy 
of each monochromatic light in the mixture, but the units are different 
for each coloured light and have been so chosen that equal amounts of 
each light are rccjuired to produce the sensation of white light. In prac- 
tice, this means that the energy of the blue light is greatly exaggerated 
in this diagram, because it does produce a profound effect on the 
final colour sensation, although it does not affect the total brightness very 
much. When these curves are applied to the mechanisms in the eye, 
the meaning of the ordinates may be understood by considering what 
happens, when green light of wave-length 5*50 X 10~5 cm. enters the eye. 
According to the experimental results, the same sensation as this light 


is produced by the addition of 20 units of blue light, 610 units of green 
light, and 430 units of red light. According to the theory of colour vision, 
the green light produces the sensation it does because it causes the blue, 
green, and red mechanisms to be excited as if they had been stimulated 
by the above amounts of blue, green, and red light respectively. In 
other words, on the theory of colour vision the ordinates measure the 
extent to which the mechanism responds to a given wave-length, and the 


curves themselves are really the frequency-response curves of the 
mechanisms, and they suggest that they are vibrating systems with a 
natural frequency at the point where the response is a maximum. 1 he 
facts of colour blindness support this theory of cojour vision. They are 



Camera 


153 


briefly as follows : the con^onest oWecte^ from^re^’ones, the 

the sufferer is unable to ^ ^ nd It is believed to be due 

spectrum ^ing — f instead of three ; 

it would be expected that he would is verified 

i" ""»?■' “ t"' 

to colour at all, the whole spectrum looking observa- 

“'fi^ffv*t^r fsToTr nranarm^cr. evidence for the existence of 
W 'sets ormechanlsms in the eye and - th-s ^“ly « 

=s si- 

rs srTS itsL- rsSE s»7b“ 

r S-sr :™s;: r S 

soit of trrnsprrency, such as a lantern slide, or to print an image of the 

nriceJ ts to produce a transparency, which will show- animage of the object 

clelr sky There are nvo distinct ways in which these things can be 
achieved • «ne is an additive process and in the other the colours ar 
obtained from wliite light by a subtractive process. \\ e shall describ 
an additive process for the production of transparencies and a sub- 
tractive process for three-colour printing. Maxwell laid down the 
fundamental principles of the additive process for making transparencies 

in a Royal Institution lecture in 1S61. Let us imagine that we w ish to 
project an image of a blue hyacinth with green leaves in a l ed pot stan m 
Lainst a white background on to a screen m natural colours. take 

iLec separate negatives of the object, one through a red filter, one thiough 
a green filter, and the third through a blue-violet filter. M e develop the 
nc-gatives in the usual way, print positives on glass to act as lantern slides 
and project each positive through the same coloured filter as was used 
in making the negative from which it was derived. If the three ullages 
are made to overlap exactly, the image on the screen has the same colours 

as the object. , 1 • a r 

To see that this is so, let us consider the lantern slide derived troni the 

nemitive taken through the red filter. This filter will transmit light trom 

the red pot and the white background only, so that an image of these two 

1 -11 1- ^ t-iViritnarnnHir. nlatft 3.nci Will tilC Sllv^T 
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bromide over the corresponding regions. The process of develoomen. 
will produce an image m black silver of the red pot and white background 
le remaining silver bromide being removed by the fixing of the plate’ 
-ight IS now sent through this negative and a lens produces an image of 
a on .another photographic plate. The silver bromide is unaffm^^ 
where the image in black silver was formed in the first case. 


When the 

.... u^n aeveioped and fixed, there is a transparent image of the 
led pot and white background, the rest of the plate being black.^ Thifis 
he first lantern slide. Similarly the lantern slide derived from the 
negative taken through the green filter will consist of a transparent image 

0 le green leaves and the white background, and the lantern slide 
derived from the negative taken through the blue-violet filter will be a 
transparent image of the blue flower and the white background The 
three projectors with their appropriate filters are now set up and produce 
a red patch, a green patch, and a blue-violet patch respectively on the 
screen. These three patches are made to overlap and their intensities 
are adjusted, so that a single patch of white light is produced. The 
lanteni s.ide derived from the negative taken through the red filter is 
now inserted m the projector provided with the red filter, and it screens 
red light from the whole of the white patch on the screen except the image 

01 the red pot and the white background. The insertion of this slide 
cnanges the white patch into a blue-green patch containing a white image 
of the red pot and the white background, since blue-green is the colour 
complementary to red. The lantern slide derived from the negative 
taken through the green filter is now inserted in the projector fitted with 
the green filter, and screens green light from the whole of the patch except 
the image of the green leaves and the white background. The blue-green 
patch is therefore changed into a blue-violet patch containftg a magenta 
image of the red pot, a blue-green image of the green leaves, and a white 
image of the background, since blue-violet is the result of subtracting 
red and green from white light and magenta is the colour complementary 
to green. The third lantern slide is inserted in the remaining projector 
and screens blue-violet from the whole of the patch except the image of 
the blue flower and the white background. The blue-violet patch is 
changed into a black patch containing a red image of the red pot, a green 
image of the green leaves, a blue-violet image of the blue flower, and a 
^vhite image of the white background. The reason for this is that red is 
produced by subtracting blue-violet from magenta, green by subtracting 
blue-violet from blue-green, and the background appears white because 
its image has not been screened from any of the lanterns. So an image of 
the object in natural colours is cast on the screen and the white background 
appears white in the image, because the three colours forming it— red, 
green, and blue-violet — are present in such proportions as to produce 
white. This is the reason why this method is called the additive process. 
Any colour in an object other than the three priiaary colours is produced 
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by their addition in a similar way to that m wtncn wnue .ra. ..... r- 

duced in the above case. „Usa^ome in Maxwell’s time, because 

This process was ^ 'Us n^^S^take three separate 

the filters were tanks of hcyi . between any of the exposures 

negatives of the object M ^proved in recen 

the result is spoiled. T consistinc of thin sheets of gelatm< 

years by the production and by the manufacture of s 

imnreenated with suiUble a s obviates the necessity o 

A niece of Dufay colour fflm consists 


1I108UC incorporating 


taking three separate expu^urc. ^ - reseau of red lines 

“rtic^Triy re“tig'^^^"mg on re ffl-fover this re/on, the emul- 

bv boSt thf ^«n iT bTJe violet dots. The emulsion imder the green 

br-t^erdots over the image of the blue flower. The black Pger is now 
strioned off the emulsion and the film is developed , but not faxed. ne 
silver under the red lines, where the image of the red pot is situated, is no 
bleached away, and the same thing is done for the °*er regions of the fi 
where there is silver, leaving these regions transparent. The rest °”be fa 
is now developed in the ordinary way, the silver bromide becoming black. 
Therefore the film is transparent under the red lines in the region of the 
image of the red pot, being black under the green and “ue-violet doW , 
similarly it is transparent under the green dots where the image of the 
green leaves has been formed, being black under the red lines and b ue- 
violet dots ; lastly it is transparent under the blue-violet dots where the 
image of the blue flower is situated and black under the red lines and green 
dots. Therefore, if white light is sent through the film, only red lig 
can pass through it in the neighbourhood of the image of the red pot and, 

' the film is being cast on a screen, an image ot the pot in 

No grain or detail is seen in this image, as the red lines in 
6 .... . , , ..., 


image o 
formed 


too 


same way, only green light can pass through the parr or rne miu vvxxckc ktt. 
image of the green leaves was formed and so they are projected m theiy 
proper colour, or will look green, if the film is viewed against a bright back 
ground, such as the sky or a white light. The same thing is true of the 
blue flower. Finally the white background looks white, since the corre- 
sponding region of the film is affected under the red lines, green dots, ^d 
blue-violet dots and is transparent under all those dots after the developing, 
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bleaching and second developing processes have been carried 


n »- 


t 9 


<.ir. 


,i • 


formed 


parts 





colours add to white, the background appears white rihe s^^eH; 
addition of the three primary colours. ^ 


VVe shall now illustrate the subtractive process by describing the pro- 
ction or a coloured nirtnr#* nf .rvU.v.,* u.. i . .. 


duction of a coloured picture of the above object by colour printW 

1 hree necr^uvp^ nf - ^ 


npi . ^ - wxvtti uiuicinff. 

Three negatu es of the object are made, one through a red filter, one 

1‘hrr'MifTh o 1 _ at • « ^ 


^1 1 > v«4«.wrv«5XX CX IWVl liltCr, UnC 

Lhrough a green filter, and the third through a blue-violet filter. Positives 


are then printed on white paper of each of these negatives, but, instead 


prin ing them in white and black, the negative taken through a red 


hlter is printed in white and the colour complementary to red, minus 

rpri r'ki* Kliio d^* ^ ^ ^ ^ ^ 1. - . 1 


1 t 1 - J^^^»i-*w**v*** J vvy AXAAI1U9 

led or blue-green, the one taken through a green filter is printed in white 


minus 


he one taken through a blue-violet filter is printed in white and the colour 

i'** r\ 1-^ k «''V^ y s. X ^ •!. • M ^ ^ ^ 


complementary to blue-violet, minus blue-violet or yellow. These 


another 


printed in white and yellow being next to the paper, the magenta next, 


and die olue-green on top. Now consider the red pot ; it sent no light 


on to the negatives taken with the green and blue-violet filters, and so the 
printte from these negatives will produce a magenta and yellow image of 
tlie pot, while the print from the third negative lays nothing on the paper 


at the image of the red pot. When 


co\ered with the three prints, the light falling on the region of the image 


of the pot passes through the magenta print, which robs it of green, and 


A A o o XW VX 

then through the yellow print, which robs it of blue and violet, so that the 

.rv—w 1 t T-ITa. •_ _ 1 rr^f •• 


only colour left is red. The process is intensified on the way back from 
the white paper again and only red light finally emerges ; therefore the red 
pot appears in its natural colour, red. The reader should work out for 
himself how the leaves appear green, the flower blue, and the background 

‘.L. nnt • • tt « 4 • - - - . 


white. This is called the subtractive process because the red colour, 

f* a • ^ 


for example, is obtained by subtracting all the colours of the spectrum 
but red from white light. It can also be used in producing transparencies 


— — av wmaa iXX^\^ U/X.' I.XOSyV4 XIX X WVX VX WXl VX «XX\7J^C4X WXXWXV9 

by printing positives from the three negatives on to a transparent film, 

: ... 1 _r _ 


or glass plate, instead of on white paper. 


60. CAMERA LENSES 

The camera consists essentially of a lens mounted in the front face of 
a light-tight box and a flat plate or film, sensitive to light, which fits 
against the back face. The distance of the lens from the plate is adjusted 
so that it casts a real, inverted, and diminished image of the object to be 
photographed on the plate, which makes a permanent record of the 
image, from which the final photograph is produced. It will be noticed 
that the plate plays the same part in the camera as the retina in the eye, 
but that its record is a permanent one, whereas the retina ceases to register 
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The 


camera lens plays the same pa . different positions is obtained by 

eye, but the ability to focus obj«ts '^fferem ^ 

moving the lens m the ^ ^ade on the eye ; the 

the camera lens are mucl ^ distinct vision, whereas quite 

eye only covers a field of diameter df the aperture of the 

cheap ^meras ° eessU ^ a fraction of the focal length is f/6 

°„f a“ Ain kTs are “ed t^olerable amounts by the "oothod^ oujlmed 
rB.er 6 It is important to realise that, even if the ideal lens 

could be made, which would produce a 'ne^has to 

w, olane obiect it Would be no use to the photographer. He has to 

take photoCTaphs of solid objects, not flat ones, and such a lens woul 

the rest of the object would be more or less blurred. If the object was 
a person’s face, for example, and the camera was focussed on the ear^ 
thL they would stand out sharply while the cheeks, eyes, and nose wu 
be progressively more blurred. It is quite certain that no one would buy 
a photograph of this kind ! But actual lenses do not produce a point 
foc^ of a point object, but a circle of least confusion and in any case 
the eye cannot distinguish between a point and a circle of diameter Od tnm. 
Furthermore the least size of the circle of least confusion, which the lens 
need produce to obtain the best definition, is increased m photography 
by the finite size of the grains of the sensitive material with which the 
plate or film is coated and it is found by experience that there is no 
point in reducing the diameter of this circle below 0-25 mm. I'his fact 
ensures that the lens can throw on to the plate a sufficiently well tocussed 
image of a solid object, since the circle of least confusion produced of 
points in the plane on which the camera is focussed is less than the above 
minimum, so keeping the size of the circles produced m the other planes 
below the minimum. The difference in distance from the lens of the 
nearest and furthest planes which are well focussed is called the depth 
of focus of the camera and the factors which control it will be discussed 


later. 


Cameras can be divided into four classes according tb the performance 
of which they are capable. The first class is the cheap fixed focus cantera 
with an aperture of f/11, so that snapshots can only be taken in bright 
sunlight, covering a field of 50°, and giving fair definition towards the 
edges of the field. The second class is also used by amateurs, and has a 
movable lens with an aperture up to f/4 5, so that inapihota can be taken 
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in dull weather ; it covers a field of 50° and gives good • u 

to the edges of the field, so that enlargements are possible The ^ 

up to f/2 to enable high speed photographs to be taken, and tL definitinn 
s very good over a wide field, as enlargements are oken nJdtf 

as Aose used m aerial surveying, for taking portraits, wide-angle carnet^ 
used for covering fields up to 120°, and telescopic cameras used for tak W 
p otographs of athletic events from the grandstands. We shall now 

me"nt:f ZL vTrl^cras'sTs!“ 

of * '‘"Sle meniscus lens with a stop 

HI). Chromatic aberration is not corrected for; the position of\he 



Stop is arranged so that oblique rays go through that part of the lens which 
produces equal deviations at the two faces, which reduces the aberrations 
to a minimum. This also ensures that the field is artificially flattened 
by giving the tangential and sagittal focal surfaces opposite curvatures, 
so that the surface of least confusion is flat (Fig. 112). This method of 
flattening the field increases the astigmatism, so the definition falls off 
towards the edge of the field. No attempt is made to correct for spherical 
aberration at the centre of the field, but the loss of definition due to 
spherical aberration and astigmatism is kept down by restricting the 
aperture of the lens to f/11. Enlargements are not possible with these 
cameras. A rather better type of fixed-focus camera has a meniscus 
combination which is achromatised for two suitable colours, which 
improves the definition all over the field. 

The lenses used in the second class of camera must be designed to 
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,wn the eve aberrations of a thin lens, aina 

effects on the definition and ahape of the tma^ at ape-tu^ 


f/4‘5 over a field of 50° . 


first 


•ihmt 



Fig. 112. 


anastigmat, which is corrected for spherical chromatic 

" f the field. The spherical 

rsf til#* fareit of the lens. The 


aberration, astigmatism 


aberration is reduced by a suitable bending 


correction of the remaining three defects 


two 


"‘+“t=o 

/l /2 


ai/l + "2/2" ° 

which can only be satisfied simultaneously, it two glasses are obtained for 
which n.o.. = n 20 > 2 - This was impossible with the ordinary crown and 
flint glasses, since increased dispersive power is accompanied by increased 
refractive index (Table 10). This led to a search for new kinds of optical 


Table 10 


Glass. 


It 


for sodium D Light 


C ^o^^'n . 

Flint. 

Dense Barium Crown. 
Light Flint. 


cu 



00168 

00256 

00180 

00244 


glass and finally resulted in the production of the new Jena glasses. The 
dense barium crown glass has, as its name dense implies, a large refractive 
index but the low dispersive power of a crown glass, while the light 
flint glass has a low refractive index with the high dispersive power of 
a flint glass. No two glasses have yet been found to satisfy the above 
relation exactly, but an achromatic lens can be made up of barium crown 
and light flint glass, which is much freer from astigmatism and curvature 
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of the field than the old type, and is called a new achromat. A bettef 
result has been obtained by a suitable combination of an old and a new 
achromat with a stop placed in the appropriate p^ition in front of the 

lens, the residual astigmatism and 

cunrature of the two combinations 

being arranged to oppose each 

other (Fig. 113). This is called 
an anastigmat. 

To obtain the still greater aper- 
tures needed for Press work without 
any loss of definition and to keep 
down distortion to a minimum, it 
is possible to use two anastigmats 
of the above type placed sym- 
metrically about a stop. The first 
lens and the stop produce pin- 
cushion distortion, while the stop 
and the second lens produce barrel 
distortion and the two can be 
arranged to cancel out one another. 
It can also be shown that the coma 
produced by the two lenses is in 
opposite directions, and so this 
defect is thereby reduced. 

1 he otiiei classes of lens must be specially designed for the require- 
ments peculiar to their use. It is essential that cameras used for aerial 
suj v€^ s should oe free from distortion and so special attention is paid to 
this point ; one way is to decrease the distortion by reducing the field 
of view of the camera. Lenses used in wide-angle cameras obtain the 
necessary definition over the large field by working at apertures as small 
as f/16 and so obtain the desired effect at the expense of long exposure. 

It really amounts to this*: the photographer would like a camera to take 
photographs over a very wide field with a very short exposure, whose 
definition is so good that they will allow of a large degree of enlargement. 
This means that the lens designer must produce a lens combination which 
will produce a fiat image of a large object with good definition over the' 
whole image. It is both theoretically and ‘practically impossible to fulfil 
all these demands at the same time, and the photographer must make up 
his mind whether he wants a moderate result in dl the above three 
respects, or whether he will sacrifice one demand in order to obtain greater 

excellence in the other two respects. 

» 

61. THE TELEPHOTO LENS 

* 

If a camera, whose lens system is equivalent to a thin lens of focal 
lei)gtli lU cm., is used to take a photograph of a man 2 metres high stand- 


Fig. 113. 
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ine 4 metres trom me lens me image .. images 

This is near enoueh to the focal plane to assume that the imag« 

sal cLera UnoJ used to photograph the 

middle of a cricket pitch 160 metres from the 

■ ' er value and so the length of the image is corrt 

sDondingly decreasea. In fact, the photograph will be Wo small to be 
of^nv uU It can be increased by increasing the focal length of the len , 
but this would make the camera itself inconveniently large. Therefore 

fs eouivlnt to a single lens of long focus, but avoids the incon- 
venience of making the camera long. It consists of a converging lens 
with a diverging lens placed behind it, so that a ray parallel to the .ixis 
of the system passes through the converging lens first and is retracte 

to the focus F (Fig. 1 14). This acts as a virtual object for the dn erging 


tan 


decreased 



Fig. 114. 


lens, which finally causes the ray to cross the axis at 1',, where the pho to- 
graphic plate is put. By prodvicing the final emergent ray backwards to 
cut the original incident ray, it is seen that the combination is equivalent 
to a thin lens of focal length OiFj situated at Oi ; so the focal length of 
the combination is considerably greater than the distance OF, from the 
front lens to the photographic plate. In practice the system of lenses 
used is more complicated than this, since the introduction of the concave 
dens is so arranged as to magnify the image produced by the convex 
lens alone about three times, the remaining magnification being done by 
enlarging the photograph taken with this telephoto lens. Hence it is 
essential to have good definition, and this means that each component 
must be suitably corrected for the various lens aberrations. 


62. DEPTH OF FOCUS 

This account of camera lenses will be concluded with a discussion of 
the depth of focus of a thin lens, since the results obtained arc interesting 
and throw light on how this essential property of a camera is obtained. 
It may be meittioncd that the results apply to actual camera lenses, 
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length IS c (Fig. 115). If a photographic plate is placed at B perpendicular 

to fhP iJVic r\f ‘fK^ A t ^ 


to the a..is of the lens, then a point A.^, whose^oint image isTBr U 


rc • 1 ^ TTAAvyav IS ai lit IS 

sufficiently well focussed if the circular patch of light formed on the plate bv 

tne rav’^s niVf^rrrinrr 13 « j: C' _ 1 cv ^ ^ y 


+1 ^ _ J. . ^ . r — tiic piaie DV 

the rays diverging from Bj has a diameter S, where 8=0-25 mm. (Art. 60). 



Fig. 115. 


Any point further from A than Aj would not be sufficiently well focussed 
on the plate and the distance AA^, which will be denoted by /j, is the 
depth of focus of the lens on the side of the object remote from the lens. 
it is at once evident that, if the effective diameter of the lens is reduced 
by putting a stop in front of it, as shown in dotted lines, the circular 
patch on the photographic plate due to the rays diverging from Aj and 



passing through the lens will have a smaller diameter than before. These 

rays are shown in dotted lines in Fig. 115. Therefore a point further 

from A than Aj can now be sufficiently well focussed on the plate, and so 

the depth of focus of a lens increases as the effective diameter of the lens 
is decreased. 

The actual value of the depth of focus can be calculated in this way. 
From the relation 

1 _ 1_1 
V u f 

since /=+<:, u= — a, and v^-\-b for the points A and B 

• • iL~ 

b a c 


m 
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Similarly for the points Aj and Bi 


*1 «l 


If D = the diameter of the lens. 


•* D 


( 41 ) 


h 


1 . 


1 + 


D 


* • b bD 


Substituting this value of - in equation (41) 


From equation (40) 




bD 


and 




*. ^1 


*. t 




a bD 
abD 
bD-aS 




a^S 


bD-aS 


(42) 


In just the same way, for the depth of focus AA 2 , denoted by / 2 , on the 


same side of the object as the lens (Fig. 116) 

y.j • 

O 2 ^2 ^ 


(43) 


D 


whence 


02 


and 


b 6D 

abP 

bP+ah 

a — Oj 

«2S 

bP-^a^ 


( 44 ) 
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So the total depth of focus t is given by 












A very striking result follows from this relation, in addition to the con- 
firmation of the conclusion, established above, that the depth of focus 



the diameter of the stop can be adjusted so that the depth of focus stretches 
from half-way between the lens and the object to infinity, a truly amazing 
result ! To consider the case given at the beginning of Art. 61 of a man 
standing 4 metres from a camera lens of focal length 10 cm. : the plate 
must be placed 10*25 cm. behind the lens to receive a sharply focussed 

image. If the diameter of the stop is adjusted to be x 0*25= 10 mm., 

10*25 ’ 


which is — , the depth of focus will be from 2 metres from the lens away 


to infinity. A portrait photographer will not work at this aperture, partly 
because he would want to use a shorter exposure, but also because he 
wants the background out of focus in order that the person may stand 
out well in the photograph. 


EXAMPLES ON CHAPTER VII 

1 . The eye can be regarded as a thin lens whose greatest focal length is 2*5 cm. 
placed 2-5 cm. in front of the retina. Suppose a person can see print distinctly 
at a distance of 10 cm. from the eye, what must be the focal length of the lens now ? 
Hence find the accommodation of the eye in dioptres, assuming the far point to 
be at infinity and the near point at 10 cm. 

2. A man suffering from presbyopia has his far point at infinity and his near 
point at 50 cm. from the eye. Calculate the nature and focal length of the lens 
needed to bring his near point to 25 cm. Where will his far point be when wearing 
these spectacles and how much will an object at 50 cm. from his eye be magnified 
by them ? 

3. A person requires concave lenses of power 2 dioptres to correct his myopia. 
Where is his far point ? If his near point is 15 cm. from the eye, where will it be 
when wearing his spectacles } Treating the optical system of the eye when the 
ciliary muscles are relaxed as a thin lens of focal length 2*5 cm., how far must the 
portion of the retina on the axis of this lens have been displaced to change a normal 
eye into one with the above degree of myopia } In what ratio is an object at the near 
point diminished by looking at it through these spectacles ? 

4. Why does a short-sighted man wear spectacles which consist of concave 
lenses ? 

A man who can see an object most distinctly when it is 5 in. from his eyes wishes 
to read a notice 1 5 ft. away. What should be the focal length of the lenses in his 
spectacles ? {Oxford Schol.) 
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How d;:s”thr; 7 e adapt itself "(^to 
the illumination vanes ? situated at distances varying from 15 cm. 

A short-sighted eye ^n foci^ nf vision through a concave lens of three 

to 30 cm. What would be its range of vision tnroug 

dioptres power placed close to it . object at the new nwr 

Sketch the peths of rttys ^”"1 P?The bai <>f 'V'- 

point through the lena to the receiving aurface at me 

6 . A person weeing spectacles ,he lenses. The image of the 

Assuming the m^n to aubtmd »n J^le *“£3 3 „d explain the defect 

spectacle lens to be 3 cm., find the local lengu (Camb. Schol.) 

of vision which it is designed to correct. 


vision which It is aesigncu v.^x^tiral lines and at 

7 A shor^-sighted person has his defecTis he suffering ? Calculate 

, cm, for horizontal lines. From u;hat add. lonal defect s he suffe s 


.rfoi:ri»V^r:pefS "r rrr bo.h d;. 0 . ;nd suigea. suitable 

be mvopic as veil vith h.s far P”"' ^DOnent "rgive him a far point 
mfiiitV a“d :n::r“t‘20 cS" Salculate his near point when using the upper 
component and his fat point when using the lower one. 

spe’etadeTex plaSii;:rhow rhe‘defe“ctTsTiaVosed' a'nrho:’'fhe correct lenses are 

prescribed. . . 

10. Discuss the specification of colour and colour vision. 


lU. Uiscuss me 5 »pcciii^civivy*a 

A camera lens is required *» „",°"gr o^ a“ und^^g that 

20 vds. on a plate 6 in. square. ri j r- ■ u^w far the olate must be from the 

ie^\!“Gi"e‘';he%'pe’cmcadon of'r 

:„St b“ itraTd™ hat“rn‘iirw^,^’rhf P>- subteiid at the 

camera lens ? 


Tiera lens r 

12. A camera lens is to take photographs of objects 6 ft high aj;_^a 

i.E/-'ma^r ^ur^ 

£H£SSi£5SSSSS5H 

13 Discuss the design of camera lenses, showing clearly how the Aanous 
dcfec’ts of the image are reduced to a minimum in the various cases and hoN% the 

design varies with the purpose of the camera. 

^ A 


14. Discuss the main essentials of a good photographic lens. 

. A « J-* _ 


{Oxford ScJwl.) 

15. What qualities are desirable in the lens of a camera to be 
motion pictures ? K ■ J • 


)llOn piciuic? ; 

16 Explain the purpose and mode of action of a telephoto lens, illustrating 
vour argument by a numerical e.vample. For what defects is such a lens corrected . 


Ur aT^UIUCilU L// AiV4Aaiv.* ^ 

17 What is the depth of focus of a lens and why is it so important to have a 
large' depth of focus in a landscape camera lens, hut a small depth of focus with a 
portrait lens ? Prove that the depth of focus increases as the diameter ot the stop 

m front of the lens decreases. 


Chapter VIII 

OPTICAL INSTRUMENTS 


63. INTRODUCTION 

The theorems concerning the thin lens and the mirror, which have been 
deduced from the axioms about rays of light, W’ill now be applied to the 
study of the more complicated optical instruments, such as the telescope, 
the microscope, and the projection lantern. As with the simple lens and 
the mirror, these instruments were discovered first and the theorems of 
Geometrical Optics were used afterw'ards to explain how they work 
and to improve their design. The treatment will be divided into two 
stages r in the first place, the mode of action of the various instruments 
vvill be discussed on the assumption that they consist entirely of thin 
lenses, and then the improvemerrts which have been introduced to trans- 
form these " thin lens ” instruments into the modern optical instrument 
will be outlined. 

'The purpose of al) these optical instruments is to make objects appear 
large V, that is:, to produce an image whose size is greater than that of the 
ot>ject u hi n sre cn \s ith the unaided eye. In order to understand how this 
is done in each case, it is necessary to have clear ideas on the meaning of 
sice. How big an object or image appears to be depends not only on its 
linear dimensions, such as its length, but also on its distance away from 
the observer’s eye, A reasonable definition of the size of an object as 
viewed by a given observer is the ratio of the length of the object 
to its distance from the eye of the observer. This is equal to the 
angle subtended at the eve by the object when its size is so small that the 

above ratio can be equated to the angle in radians. The magnifying 

The Size of the Image 

power of an optical instrument is then dehned as Qbje rt 

TIk reader should distinguish this quantity from the magnification, which 
refers to the ratio of the lengths of the image and object. 


64. THE MAGNIFYING GLASS 

The magnifying glass consisting of a single converging lens is used 
nowadays by the geologist for a superficial examination of rock spccimcM 
and by the jeweller and watchmaker. The perfection of certain specimenfoi 
antique Grecian woodwork containing very intricate carved designs suggestt 
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implies, 


F» .17, r. »hl7h B?. 


onncipal locus 01 uic ici», ^ i^ne 

This image is viewed by the eye, which is placed close up to .»he lens. 

Remembering that the size of an object is equal to the ratio of lU len^ 


same 


cm 


image 


the lens were removcu, anu ^ w • 

whose size is greater than that which the object can have when viewed 

by the unaided eye. The magnifying power of this instrument is accord- 


ingly defined as 


The Size of the Image 


The Size of the Object When at the Distance of Distinct Vision 
since this is the nearest point at which the object can be seen clearly 


b' 


P, A 


Fig. 117 . 


without strain with the unaided eye. If the image BB' is also formed at 
the same distance, the magnifying power is equal to 

BB' 

D _BB' 

AA^“AA' 

D 

where D is the distance of distinct vision. This assumes that the eye is 
close up to the lens. 

Now = where h=x\\e distance OB, f7=the distance OA. 

AA' OA rt 

1 1 1 

But 7 

V u f 


and ?>= 
the lens. 


b, u 


a, /■= + (/, the numerical value of the focal length of 


a 
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' . Magnifying power 


But 




6=D 

Magnifying Power= 1 -f 


D 

li 


So the less the focal length of the lens, the greater its magnifying power, 

which is why a short-focus lens with very curved faces is popularly known 
as a strong lens. 

It is much less strain on the eye, if it has to look at objects for a long 
time, to place the magnifying glass so that the final image is at infinity, 
since the eye is then unaccommodated. In this case, the object is at the 

first principal focus of the lens, and so the size of the image is 

and the magnifying power is 

AA' 

OF\ D 


OF 


AA' d 
D 

1 he magnifying power is a little less in this case, but the difference is 
negligible if a lens of focal length about 2 cm. is used, since D is about 
25 cm. for a normal-sighted person. The above relation also shows that 
the magnilying glass is less use to a myopic person than to one whose 
sight is normal, because the value of D is less for the short-sighted than 
for the normal-sighted person. This illustrates another way of regarding 
the action of the magnifying glass. We have seen that the size of the 
image BB' is the same as the size of the object AA', if each is viewed by 
an eye at O (Fig. 117). But an eye at O could not focus the object AA', 
since it is inside its near point. So the function of the magnifying glass 
is to enable the eye to see distinctly objects inside its near point, while 
keeping their size the same. That is, it makes the eye artificially short- 
sighted, and so it is evident that a myopic eye cannot receive so much 
help from a magnifying glass as a normal eye. 

It is natural to expect chromatic aberration to spoil the definition of the 
image seen in a magnifying glass and to protiuce colouration, but it is 
surprising that magnifying powers of 14 can be obtained with very little 
trouble in this respect, A little examination show's the reason for this 
freedom from chromatic aberration. If (BB'),- and (BB')„ are the lengths 
of the red and blue image respectively and hr and b,- their respective 

distances from the lens. 


(BB')r 

br 


AA' , (BB'), 

and - 


AA' 


a 


h 


a 
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If the .ye b close up to the lens. 

at the eye and so the different co our aistances from the eye at 

and produce a white ^ d ff ^ by the differ- 

which the imaps are “ J eonsult Hardy and Perrin’s 

- Principles of optics “ 

so as to give eidier » smaller field of view, 

greater magnifying power at the expense 

65. •• THIN LENS ” OPTICAL INSTRUMENTS : THE 

astronomical telescope 

We shall now consider in terms of the thin lens mode of operation 

“SsS = ~ r :s"— r;= 


Objective 


Eye-piece 



Fig. 118. 


one to the other, and it will be seen that the two instruments are essentia ly 
the same in principle. We shall commence with the astronomical te e- 

scopc. which was first designed by Kepler in 1611 and is so called because 
it is used in astronomy and any other type of observation where 
fact that the final image is inverted is no handicap. The telescope con- 
sists of two lenses (Fig. 118), the objective, a long focus comerging 
lens which is pointed at the object, and the eyepiece, a short tocub 
converging lens which is put to the eye. If the common axis ol these 
two lenses is pointed at the bottom of the object, the diagram shows the 
passage of three rays from the top of the object through the instrument. 
Since the object is at a great distance from the objective, the tlucc rays 
from the top of the object enter the objective almost parallel to mie 
another, but inclined at a finite angle a to the axis of the telescope. I hl^ 
angle incidentally is equal to the size of the object, which subtends the 
same angle at the eye as it does at the objective owing to the length ot 
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the telescope being so small compared with the distance away of the obieet 

focal plane and inside F„ the first focus of the ej epi^T IS 
then mapihed by the eyepiece acting as a magnifying glass, the final 
image being tormed at BjBj'. The exact position of Bj' is fixed by draw- 
ing two •construction rays” from B.' shown in dotted ids ^ 

B| Oi passing through the centre of the lens and the other parallel to the 
axis ot the lens passing through its second principal focus F, . B,' is at 

the point where these rays meet when produced backwards, and the paths 
ot the three rays from the top of the object after emerging from the 
eyepiece can then be drawn by making them appear to diverge from B,'. 
it will be seen that the magnifying is done in two stages. First the 
image B, ' is produced, and, if the eye is placed at the distance of distinct 

vision from it, its size is while its size to the unaided eye is a or 
where is the focal length of the objective. So the magnifying power 
oi the objective is — . The focal length of the refracting telescope at the 
Yerkes Observatory is 65 feet, and so this objective has a magnifying 

_ ^ 65 X 12 

powei or or /o. Then the magnifying power of the eyepiece of 


10 


D 


focal length T > filial image is at infinity as is most comfortable. 

So the magnifying power of the whole telescope is 

D de de 

f 

This relation only applies when both the object and the final image are 
at infinity, and a rather more general e.xpression can be obtained in the 
following way. Let the object be at a distance from the objective 
and let its length be /. If the image BjBj' is formed at a distance 


from the objective, the length of the image is — V. 


If this image is a 


distance a 2 from the eyepiece and the final image B 2 B 2 ' is formed at a 
distance ^2 from the eyepiece, then the length of this final image is 




I 


Therefore the size of the object is — ^ assuming as before that the length 

of the telescope is negligible compared to the distance of the object from 
the eye, and the size of the image is assuming that the eye is close 


a.ai 


up to the eyepiece. Hence the magnifying power of the telescope is 


b 


j 
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and so the magnifying power is which is the same as we obtained 


d: 


above. 


telescope 


Short 


®T“les»S not oXreq-«d “> ofvTeV 

it as shown in Fig. 119. It is evident that the emergent pencil is narrower 



Fig. 119. 


than the incident one in the ratio of the focal iengtns oi me oojc.uivc aatva 

eyepiece, since the pencil comes to a focus at the common focus of the two 
^ ^ . diamete r of incident penci l 

lenses. Thus diameter of emergent pencil magnifying power 


• r* • 


It is evident that, if the emergent pencil does not fill the pupil of the eye, 
the final image is not as bright as it might be, and so it is necessary 
to increase the diameter of the objective until this is the case. Any farther 
increase beyond this is useless, since it merely means that -the whole of 
the objective is not being utilised. But it can be shown that the final 
image is now no brighter than the object appears to the unaided eye. If 
the magnifying power is m and the telescope is designed so that the 
emergent pencil just fills the pupil of the eye, then rri^ times more light 
enters the eye from each point of the object, when the telescope is used, 
than when the object is observed with the unaided eye. But the area of 
the image is m2 that of the object, and so the brightness of both is just the 
same. So a telescope can be designed to give an image as bright as, or 
fainter than, the object, but never brighter. In practice the image is usually 
fainter than the object, since other considerations enter into the fixing of 
the diameter of the objective, as will be seen later (Art. 143). 

If the telescope is used to form an image of a point object such 
as one of the fixed stars, the image will be brighter than 
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the object seen by the unaided eye. For the brightness of the background 
will be the same in the two cases, but, since the objective of the telescooe 
collects more light from the star than the pupil of the eye in the ratio 

° diameters squared, the image seen in the telescope 

will be brighter than that seen with the unaided eye. For this reason 

telescopes with objectives of large diameter are especially valuable in 

the investigation of very distant stars, and, if the diameter of the objective 

of a telescope is doubled, the distance of the faintest star visible through 
it is doubled. ® 



The field of view of a telescope in the object space is defined as the 
angle subtended at the eye of the longest object, the whole of which can 



Fig. 120. 


just be seen ; the angle subtended at the eye by the image of this object 
is called the field of view in the image space. In order to see what factors 
control the field of view, let us examine Fig. 120, which represents the 
passage of rays from the top and bottom of an object at infinity through 
the telescope which is adjusted to produce the final image at infinity. 
It is easily seen that the field of view is a -maximum when the eye is 
placed at EE', which represents the circle formed by the intersection of 



Fig. 121. 


the two pencils from the top and bottom of the object. This circle, 
called the eye-ring, is the image of the objective formed by the eyepiece, 
because the rays T' and B' which converge on to the bottom of the 
objective are brought to a focus at E' by the eyepiece and similarly 
T and B converging on to the top of the objective are brought to a focus 
at E. The eye-ring is just outside the focus of the eyepiece and its diameter 
is equal to that of the objective divided by the magnifying power of the 
telescope, since it is equal to the diameter of the emergent pencil shown 
in Fig. 119. It is usual to place a cap over the eyepiece of a telescope 
with a hole in it, such that it coincides with the eye-ring. Consequently, 
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when the eye is put to this hole in the 

With the eye in this position it can e shows the ra^-s 

controlled by the diameter o t ® passing through the telescope, 

from a point on the very e ge o noint finally emerges from the 

It will be seen that only one ^ ^ ^ towards the edge of 

eyepiece, and so the 'Uum, nation vJl M ott 

a poi. on the edge 



Fig. 122. 

of the field can pass through the eyepiece. Under^these conditions, the 

field of view in the object space is 2a, which is , where M is the 

diameter of the eyepiece. The field of view of a simple telescope consist- 
ing of an objective of focal length 50 cm. and an eyepiece of local length 

10 cm. and diameter 6-5 cm. is or 6-2“, which is 31’ on each side 

of the axU. The field of view evidently decreases as the magnifymig power 
increases ; and this decrease cannot be compensated for indefinitely by 
a corresponding increase in the diameter nt the eyepiece, since the value 
of this is limited by the aberrations of oblique pencils. But the reader 
should contrast the above value of the field of view o a telese-ope of 
moderate magnifying power with the 50’ which is provided m the cheapest 

The design of an astronomical telescope proceeds therefore along the 
following lines. The magnifying power to be produced is settled first 
of all ; this fixes the diameter of the objective, which is given by the 
product of the magnifying power and the diameter of the pupil ot U\e 
eye. The relative aperture of the objective is then decided by settling 
how much aberration can be tolerated in the image produced by the 
objective. If the aperture is to be 1/15, then the focal length of the objec- 
tive is its diameter X 15 and that of the eyepiece is at once obtained from 
the magnifying power, ^rhe diameter of the eyepiece is then made as large 
as possible so as to give tlie biggest possible field of view, but the factor 
which controls the biggest value for the diameter is the amount of aberra- 
tion which can be allowed in the oblique pencils. The focal lengths and 
diameters of the objective and eyepiece have been settled and the 



174 


Light 


[chap. VIII 


telescope can now be constructed. It will be noted that the radii 
curvature of the faces of the two lenses have not yet been fixed and so thaf 
opportumty is left for the correction of both Vomatk atcJ eSS 
erration. I hese matters will be dealt with later (Art. 71). 

66. THE GALILEAN TELESCOPE 

This was the first telescope to be constructed and, since it produces 
an erect image, it is especially suitable for viewing terrestrial objects, 
was probably first made by Lippershey, a Dutch spectacle maker, in 



Fig. 123. 


160::/, and it was from his use of it that Galileo first heard of the instru- 
ment and made one himself independently in 1610. It consists of a long 
focus converging objective together with a short focus diverging eyepiece 
ig. L..a). 1 he objective forms a real inverted image of the distant 

object in its second focal plane ; this acts as a virtual object for the diverg- 
ing eyepiece, whose first focus coincides with the second focus of the 



Fig. 124. 


objective if the final image is to be at infinity, as is the case in Fig. 123. 
If a virtual object is situated in the focal plane of a diverging lens, it is 
shown in Fig. 124 that the rays emerge from the lens as a parallel beam ; 
Fj' is the virtual object and its image is constructed in the usual way 
and is at infinity behind the lens. Consequently the rays converging 
to Bi' in Fig. 123 emerge as beam parallel to the construction ray OiEj', 
and so the final image of B^' is at infinity behind the lens and the image 
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A 

of the whole object is evidently erect. The telescope ** 

IngU subtended by the object at the eye is *. whUe that subtended by the 

final image is ^._if the eye is pW cbse np to the eyeptec^ 


If tlie eyepiece is at a distance from 


bi 

objective has a length — t. 
this image and treats it as a virtual object, it forms a 
distance b. from the lens. The length of this image is 


b^b, 




I and it sub- 


tends an angle ^ at an eye close to the eyepiece. The angle subtended by 

U2C1 

the object at the objective, and so at the eye, is - and therefore the magni- 
fying power of the telescope is K If it is adjusted so as to produce a final 

image at infinity of an object at infinity, then 02 = 4 , and and so 

the magnifying power is j. which is the same expression as for the 

astronomical telescope. It may be noted that this telescope is shorter 
than the astronomical telescope, since the distance between the lenses 



Fir. 125 . 


is equal to the difference, instead of the sum, of the numerical value of their 
focal lengths. 

When considering the field of view of the astronomical telescope, it 
was seen that the eye must be placed at the eye-ring to obtain the biggest 
field. The eye-ring is the image in the eyepiece of the objective, and in 
the case of the Galilean telescope this will be a virtual image situated 
at EE' (Fig. 125). It is impossible to get the eye up to the eye-ring, and 
so the field of view of the Galilean telescope is much inferior to that of 
the astronomical telescope. Fig. 125 shows the passage of three tays 
through the telescope from a point on the edge of the field to an eye 
right up to the eyepiece ; the criterion, which decides the edge of the 
field, is that the ray from the top of the objective shall just pass through 
the middle of the eyepiece and so enter the eye. The field of view in 
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2fi 


M 




diamete 


of the objective. In order ,0 obtain a sharp image, it is not possible to 


d^ 


make the diameter of the objective greater than ^ and so the field of 
view IS 1J5 , neglecting the focal length of the^ eyepiece. This is only 3.8”. 
Tlie field of view in the object space is — , where m is the maghifying 


m - - o 

power of the telescope, and so the Galilean telescope cannot be used at 


1^^ r • — — cannoi De used af 

large magnifying powers since its field of view is so small. It is used 

pnmtv\ 


^ r 1 ^ , small. It is used 

''' simply 

n pair or Cjalilean tplpcmnAo n^i a... . ^ 


n t^o,v r.f r- IM wnion are simply 

a pair of Galilean telescopes mounted parallel to one another ; theh 

magnifying power is usually two. 


67 . THE TERRESTRIAL TELESCOPE 


Owing to the small field of view of the Galilean telescope, it was thought 
desirable to rnodify the astronomical telescope so as to preserve its large 
field of view but to produce an erect image. This is done by inserti^ 


» , laio 10 uuxic uy mscnine 

a converging erecting Jens between the objective and eyepiece at a distance 

Or Ai irnm t-^ol - «• 


or r 1 , . oiiia eyepiece ill a uisiance 

of 2. froin the real inverted image B,B,' of the object produced by the 

nh^^>rfi^ 7 f^ /P rr 10A\ 'X'U- l 1 . ^ A * uy UiC 


o jective (Fig. 126 ). This lens produces an image B2B2' of the same size 



as BjE, ' but the other way up, and this image is magnified by the eyepiece 

in the usual way. Since the image B2B2' presented to the eyepiece is 

the same way up as the object, so is the final image. The insertion of 

this ereedng lens has the effect of increasing the length of the telescope 

by four times the focal length of the erecting lens and makes the telescope 

unduly long. It is therefore necessary to mount it on a tripod to obtain 
good observations. 


68. PRISMATIC BINOCULARS 


A successful attempt to combine the erect image and shortness of 


the Galilean telescope with the large field and magnifying power of 


the astronomical telescope was made with the production of prismatic 


binoculars. They are simply a pair of astronomical telescopes, in which the 


real inverted image produced by the objective is erected by two right-angled 


isosceles prisms before it is presented to the eyepiece for its final magnifica- 
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tion. The way in which the image U erected will be clear 

128. An examination of the firat of the« two djagr^ shows 
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prism 


two rrfractions with an internal rctlec- 
tion in between, it emerges parallel to its 
original direction. The second diagram 
shows the central rays of pencils from 
the top and bottom of an object AA 
passing through the objective and on to 
the prism, and makes it clear that the 
prism erects the image in a plane per- 
pendicular to the refracting edge. 

Therefore, in order to erect the image 
completely, two prisms are needed with 
their refracting edges at right angles to 

each other. If the reader obtains a pair of 

prismatic binoculars and holds them to his eye to look at an object on the 
same horizontal level as his eye, the objectives are further apart and 
above the eyepieces. After passing through the objective, the light 
strikes a prism with its refracting edge vertical, which inverts the image 

in a horizontal plane and sends the rays inwards 
and a>vay from his eye ; they then strike a prism 
with its refracting edge horizontal, which inverts 
the rays in a vertical plane and sends the rays 
downwards and towards the eyepiece. The 



Fig. 127. 




Fig. 128 


Fig. 129. 


complete path of the rays is shown in Fig. 129, and it is seen that the 


prisms 


It 


is quite common to have binoculars with a magnifying power of 8 and a 
field of view in the object space of 6°. 


69. THE MEASUREMENT OF THE MAGNIFYING POWER 
OF TELESCOPES 

There are three ways of measuring the magnifying power of telescopes. 

In the first method the telescope is focussed on to a distant blackboard, 

on which some parallel equidistant lines have been ruled some 5 to 10 cm. 
12 
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apart. These lines are viewed with one eye through the telescooe 

with the other eye undded. After a little practice it will be possible to 

see both images simultaneously and to place the head so that they a^ 

superimposed. 1 hen the number of scale divisions seen with the milS 

eye contained m one scale division seen through the telescope is counted 
and this is the magnifying power of the telescope. 

In the second method the whole of the diameter of the objective is 

Illuminated by pointing the telescope at the sky and the eye-rins is 

focussed on a screen placed at right angles to the axis of the telescope 

The cap over the eyepiece is removed for this purpose, if necessary’ 

The diameter of both the objective and the eye-ring are measured and 
their ratio is the magnifying power of the telescope. 

The above two methods can be used with practical telescopes, but the 

following method only applies to the simple astronomical telescope 

It consists in measuring the focal lengths of the objective and eyepiece 

by one of the standard methods and finding their ratio, which is the 
magnifying power. 


70. THE REFLECTING TELESCOPE 

We have already seen in Chapter 4 how Newton commenced his experi- 
ments on the passage of white light through a prism in order to clear 
up the problem of the blurred and coloured images formed in the refract- 
ing telescopes of his day and how he came to the conclusion that this 
was due to the chromatic aberration of the objective. He also concluded 
that it was impossible to make an achromatic lens, and so he turned his 
attention to the reflecting telescope, in which the objective is a concave 



Fig. 130. 


mirror of long focus and which is therefore free from chromatic aberration. 
The principle of the reflecting telescope is just the same as that of the 
astronomical telescope, except that the real inverted image of the distant 
object formed by the long focus converging objective is now produced 
by a long focus concave mirror (Fig. 130). The mirror is a paraboloid 
of revolution in order to eliminate spherical aberration, for such a mirror 
brings all rays parallel to the axis to a point focus on the axis, however 
far from the axis they may be before staking the mirror. If the axis of 
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mirror is pointed 


shown striking the objective 


the object, men mrcc 

in Fie. 130. They come to a focus 

through the centre oi cu inirror This image is then examined in 



Herschd s Mounting of the Eyc-p*ccc 



Fig, 131. 


It is evident that, if the eyepiece is mounted to the right of FF', the 
head of the observer will prevent some of the rays from the object from 
reaching the mirror and so decrease the brightness of the image to a 
serious extent in the case of mirrors of small diameter. In order to avoid 
this, various ways of mounting the eyepiece have been introduced from 
time to time, and the three most common ones are illustrated in Fig. 131 . 
In Herschel’s method, the axis OF of the objective is tilted relative to the 
geometrical axis of the tube in which it is mounted, and so, if the tube 
is pointed at the top of the object, the image FF' of the whole object 
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examined 


T KT , , oi oDsiruction trom the observer’^ 

at 4S° to the axis inst ,t,. e- P™® “ mounted 


one ^int of the object shown in The! ™ 

the ■" Of F- So an image of 


T- , * — -- a. 1 axiu IS Lucii examined tHroueh an ava 

ptece E mounted m the tube, and the only obstruction of the rays from 

object IS provided by the small plane mirror or prism, which cm S 

1 inally in Cassegrain s method, a convex mirror M is mounted iust in 
front of the focus F of the paraboloidal mirror. If the telescope is pointed 

nr ildno th"”" U /I'-''''.*’ ^Snre shows two rays-from tb!t point 
nr king the paraboloidal mirror, which sends them towards its focus F 

del ore they reach it they strike the convex mirror M, which finally brings 

them to a focus at F „ which is the place where the real inverted imafe 

OI the whole object is formed. This image is then examined in the 

eyepiece Jb. 


A he reflecting telescope clearly possesses three advantages over the 
refracting telescope. It is essentially free from chromatic aberration ; 
It IS .ree froiri spherical aberration for beams parallel to its axis and so 
tor points of the image at, and close to, the focus of the mirror. This 
means that the definition at the centre of the field is excellent, although 
It tails off quite rapidly as we go away from the centre, as coma and 
asugmatism soon become large. Finally, it is practically possible to make 
mirrors or considerably larger diameter than lenses and so brighter 
images of stars can be obtained with reflecting than with refracting 
telescopes. In other words, the range of a reflecting telescope can be 
niade greater than that of the refracting telescope. Thus the telescopes 
o argest diameter are reflectors. For example, the largest refractor is 
at the Yerkes Observatory and has an objective of diameter 42 in. and 
focal length 65 ft., while the largest reflector is at Mount Wilson and 
has a mirror of diameter 100 in. And a reflector of 200 in. is at present 
being constructed for use at Mount Palomar. These mirrors are made 
of glass, or better still quartz, and are covered with a film of silver, or 
aluminium, to produce a surface of high reflecting power. The majority 
of asti Gnomical telescopes are refractors, because it is not usually necessary 
to have objectives of such large diameters as even 42 in., and for technical 
reasons outside the scope of this book the large refractor is an easier 
telescope to mount and handle than the large reflector. 


71. THE MICROSCOPE 


I he telescope is used to magnify objects which owe their small size 
to their large distance from the observer, but the microscope is employed 
to magnify objects which owe their small size to their small linear diinen- 


i 


Instruments 


i8i 


distinctly 


sions ana which s^******* ^ ^ 

they are at the distance of distinct vision. It consists of an objective 

rshor° focus converging lens (Kig. 132). The object AA' to be ei^ined 
is placed just outside the first focus F, of the objective, w^ch fot™ » 
real, inverted, magnified image B,B,' of it just ms.de the fost focus F, of 

the eyepiece. This is used to magntfy the linage B,B, Idte a minifying 

^sition of the eyepiece so that this fina image is at thf 

distinct vUion, since the eye will automatically accommodate itself for 



Fig. 132. 


this distance when looking at a small object at a finite distance. The 
position of B 2 ' is fixed by drawing from the usual two construction 

rays, which are shown in dotted lines. 

The magnifying power of the instrument can be calculated in the 

following way. If the length of the object is I, its greatest size as seen by 
the unaided eye is — , where D is the distance of distinct vision. If 

D 

fli and Zjj are the distances of the object and image respectively from the 


objective, the length of the image BjB^' is 


n. 


If ^2 ^2 


distances of this image and the final image respectively from the eyepiece. 


the length of the final image is 


62 


If the eye is close up to the 


lb, 

aiQz 


Hence 


eyepiece, the angle which this image subtends at the eye is 
the magnifying power of the microscope is 

aiQil D a, fl2 

If the final image is formed at the distance of distinct vision, the above 


and eyepiece. 


magnifications 


le and 

power 
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- xcuuucs lu me ratio or tne length ot the final image to that 
object, which is just the product of the magnifications of the two lenses 
Three important features of the microscope can be deduced from this 
expression for its magnifying power. Firstly, we can see that a verv 
short focus objective is essential to a large magnifying power, for a 

good deal of the magnifying must be done by the objective, and so the 
ratio of A must be, say, 50 if a magnifying of 500 is to be obtained. Thus 
the focal length of the objective must be about ^ in. in order to keep the 


microscope from becoming unduly long. 


for example 
make 


quite impossible to manipulate the objects which are to be viewed, 
"econdiy, we can see that it is essential that as much light as possible 


C 


It e microscope, otherwise the greatly magnified image will be too faint 
to be seen distinctly. This means that the diameter of the objective 
miisi subtend as large an angle as possible at the object, which involves 


ITiakiii: 


g tlie objective with the greatest possible relative aperture. The 
smaller the diameter of a lens, the greater its relative aperture can be 
made without introducing too much aberration into the refracted pencils. 
So the objective is made with a very small focal length, since this allows 
of the greatest possible relative aperture and so the greatest brightness 
of the final image. Lastly, the above method of deriving the magnifying 
power of a microscope shows that there is no essential difference between 
it and the telescope. In each instrument the objective 
inverted image of the object, whose size is greater than that 


forms 


manner 


ige after 
micro- 
increase 


the brightness of the image, but in essential principles the two instruments 

So it is not surorisin? to find that there are lone focus 


same 


focal length, and that these two instruments are identical. 


small 


72. IMPROVEMENTS OF THE THIN LENS INSTRUMENTS 

So far we have treated of optical instruments consisting of combina- 
tions of thin lenses, and the first telescopes were instruments of this 
sort, actual lenses which approximate very closely to the thin lens being 
used in their construction. We must now consider what defects will 
arise if the magnifying power of the instruments is increased, and how 
they may be eliminated or reduced to tolerable amounts. We will con- 
sider the telescope in the first place. We have seen (Art. 65) that the 
focal length of the eyepiece is fixed irrespective of the magnifying power, 
when the largest relative aperture permissible in the objective has been 
decided on. So increase in magnifying power can only be produced by 
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increasing the focal leng^ of t^e o^et^ve »d^^n.ble^ 


M 


d0-\-dc 


food length of 60 ft. and diameter 3 ft. for astro 
purposes. Since the of view of an «,tronom.cal telescope 

an increase of magnifying power will reduce the field of vie, 
he diameter of the eyepiece is ^ 


focal length of ^ ob^^ve „yique pendU. and 

about on each side of h a^. '.r Senses must be ,-nl.«d b 


combinations. 


camera 


presented by 

^ •• ^ ^ A * A « 

Owing to the finite size of the 


r"phomgmpbic pTste. the definifion need n^ t. » 

fat^lir^^letneisrSnL- - ^t^™ t^ 

^f^dtfin^roCa'^wide field of soL 5a> while ^e W mud 

criterion limits The aperture of the objective to f/15 or, »» the most to 
f/10 but the small field means that the only aerations which have to 
be eliminated are chromatic aberration, spherical aberraUon, m 

coma This was originally done by using long telesropes m whi^ the 
above aberrations are reduced to a minimum, but better methods are 

now availsiblc. CKromatic aberration 


corrected 


since 


uneb ux tiic voov WA 

by experience that the correction for th^e two colours 
results 


Art 


bination of a convex crown glass lens and a weaker diverging flint gto 
lens in contact. If the telescope is to be used in photographic work, the 
correction is made for three colours owing to the sensitivity of the plate 
to violet light, and so a triplet is necessary. Sufficient correction for 
spherical aberration is made by arranging for the lens combination to 
be convex-plane with the convex face pointing towards the object, so as 
to divide the total deviation produced by the objective equally between 
the two faces. The same disposition of the faces fortunately produces 
minimum coma. A reference to equations (32) and (33) in Art. 43 shows 
that 00 , and so only tw) unknowns, r and s, are left to be uniquely 

determined by those equations. 

73. EYEPIECES 

It is evident that needle-sharp definition over the whole field will not 
be obtained with an eyepiece consistiiig of a thin lens, and we now turn 
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to the corrections to be made to this part of the telescooe r. • 

to real.se that our task is made ~hL easier 


time it reaches the eyepi;;:; ^TthT r^dhr"^, *!“ 

various aberrations is less for r • , ^ confusion due to the 


•• • , . xji Liic uircie 01 least confi 

thaTthe pencils. 


We 


gnifying 




placed to it. 


simplest 


where the real J J Placed at the point 

g. shows three rays from a point on a distant object, which would 



Fig. 133 . 


be on the edge of the field if the field lens were not employed. This 

rnllnws frrtm «.! a. a.L _ . • „ . a. mo 


f^ows from the fact that the central ray of the p^d XhTnJk“ 


xxrii^u ^ ^ ui , , ; — ^ wiiica IS marKca 

1 Im'’ f *e eye lens in the absence 


!j 1 1 • ^ . ® ^ auscncc 

A n ,a T’ P““* '^“"6 "*>own in dotted lines. But 


j a .1 • . * 7'" — *»*v**vy^i. affecting it ui any oiner 

way and so this point on the object will now be well inside’the edge of 

tn^ TiAly~l - o 


the field. 


affect 


, viAw. iAiaii;iuxyuj>; 

p wer o e instrument and so the field of view has been increased 


• 1 ^ • 1 • ^ xxoo iUCiCadCU 

without mtroducmg any drawbacks. This eyepiece has been modified 

ariH 4. t 1 * . . 


* • AXC4«9 IIAWIIIIWU 

and improved m two ways, leading to the Ramsden and Huygens eye- 

iTTi-n/^rt «Tr«11 ^ _l 1 • /I Jo J 


pieces, which will be described briefly. 


A. 


74. THE RAMSDEN EYEPIECE 

The disadvantage of a compound eyepiece, in which the field lens 
comcides with the real inverted image formed by the objective, is that 
the eye lens is focussed on the field lens and so any scratches, or defects, 
on its surface are seen and spoil the look of the final image. T his trouble 
is overcome in the Ramsden eyepiece by moving the two lenses closer 
together, so that the real, inverted image formed by the objective is pro- 
duced before the field lens. The eyepiece consists of two plano-convex 
lenses of the same focal length with their plane faces outwards, the 


t 
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lenses being separated by a distanee b"b^. 


length 


first focal plane of the ey< 

point of it are converged a certain amount 


'J 

The various 


amounts in the following way 


finally emerging as a parallel 

-s? » 


coma 


rcinictiuiio . j 4 .^ 

The radius of the circle of least confusion due to 


pherical aberration 


FL 



Fig. 134. 


only narrow pencils pass through the eyepiece. Curvature of the field 
Ld distortion are also small over fields of 40^ Finally, chromatic aberra- 
tion has to be eliminated in the sense that the size of the different coloured 

images is the same. This is the case for a combination 
sep^ted by a distance equal to half the sum of their focal lengths (Art. 43). 
This requires that the two lenses should be separated by a distance 
equal to the focal length of either of them, but as this would introduce 
the trouble mentioned at the beginning of the paragraph, the lenses are 
separated by only two-thirds of the focal length, thus sacrificing some 
elimination of chromatic aberration in order to avoid seeing any 
scratches on the field lens. The practical optician is contmually faced 
with problems of this sort, in which the simultaneous elimination of two 
defects is impossible. He compromises by reducing one more than the 
other and the exact amount by which each is to be decreased to give the best 
results can only be found by practical experience. When this has been 
found, its realisation by the designer has to be attained by means of 

ray tracing. 


75. THE HUYGENS EYEPIECE 

The Huygens eyepiece was introduced in order to improve the correc- 
tions for both spherical and chromatic aberration of the Ramsden eye- 
piece. It consists of two plano-convex lenses with their plane faces 
turned away from the object (Fig. 135). The field lens has three times 
the focal length of the eye lens and the lenses are twice as far apart as the 
focal length of the eye lens, and so the correction for chromatic aberration 
is as good as possible. The real inverted image formed by the 
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oDjective acts as a virtual object for the lens field which forms a • 
final image of the object at fnfinity bS tt"tel«cot 

with cross-wires as the Ramsden eyepiece can. It is often call^ a 
eyepiece to distinguish it from the Ramsden eyepiece, which is 



Fig. 135. 


positive eyepiece. It has already been mentioned that the coneetion 
for chromatic aberration is as good as can be achieved, and the conecUon 
for spherical aberration and coma is better in this eyepiece than in the 
Ramsden eyepiece. It is also free from astigmatism and distortion to 
the same extent, but it suffer? from considerable curvature of the field, 
the curvature being convex towards the observer's eye. 


B 


76. MICROSCOPE OBJECTIVES 

In a microscope which magnifies 500 times, the objective alone pro- 
uces a magnification of 50, so that it will need to be very carefully cor- 
rected for the various aberrations, if a reasonably sharp image is to be 

obtained. Spherical aberra- 
tion, coma, and chromatic 
aberration must J?e reduced 
to a minimum, the remain- 
ing aberrations being un- 
important since the field 
of view of a microscope is 
so small. At such high 
magnifications as 50, satis- 
factory correction can only 
be obtained for one image 
distance, and in the best objectives use is made of the aplanatic surface 

to obtain a very wide angle pencil from each point of the object. The 
reader will recall (Art. 46) that if a point object, A (Fig. 1 36), is placed 

at a distance — r from the centre C of a spherical surface of radius r 

separating two 'media of refractive • index Wj and «2 («i>^)» * 

metrical point image B is formed at a distance — r from be wescr great 

»2 



Fig. 136. 


surface. In other 
aberration and cor 
refracting surface. 
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lay make with the axis of the refractiiig 
ige is entirely free from both sphcn^ 
ixe called the aplanatic points of the 
case is made use of in microscopic 


two 


glass 


immersed 


a film of oil below the first lens 
having the same refractive index as 
the lens. The first lens is hemi- 
spherical and the object is placed at 
one of the aplanatic points, and this 
lens forms a geometrical point 
image of the point object at the 
other aplanatic point Bi. This is 
arranged to be at the centre of 
curvature of the lower face of a 


It is also 


meniscus lens L /2 so tnat u 
refraction at this surface, 
the aplanatic point for the second 



S 





\ 




B 


Fig. 138. 

surface of the lens, and so this lens produces a perfect point image 
of Bi at Bj. So the original wide angle pencil from the point object A 
has now been transformed into a pencil of smaller angle diverging 
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r -r . . • Vfli 

eZXzr ctsr/ ^ 

will introduce some chLatrcib^b^ 

to some extent by the last two components of the sysTer which”™"''' 
therefore simple achromatic lenses. This type of obiecti™ is it 

an immersion achromat and corrects foi- spherical tblLf “ 

colour and chromatic aberration at two colours The 
objective consists of ten lenses and corrects f “Pochromatic 

t’n . t.1’ f'; Huygens eyepiece is most commonly used in 

employ the Ramsden eyepiece in 

r . .-umg microscopes where cross-wires must be fitted. ^ 

77. THE PROJECTION LANTERN 

a IamIrrs7d”e'of is to cast a magnified image of 

jector a greatly magnified image of a representation of some^objecf on 
m is cast on to the screen, sixteen such images being thrown on the 
screen m every second. In the epidiascope one lens serves for the pro- 
jection of lantern slides, while the other serves for the projection of an 
image of an opaque object, which is suitably illuminated. 

\Ve shall consider the projection of lantern slides in the first place, 
buppose that the object to be projected is a set of black and white squares, 



R 


such as a chess-board. Then the lantern slide would be a small-scale 
representation of the board on a glass plate, the white squares being trans- 
parent to light and the black ones being opaque to light. In order to 
project an image of the slide D on to the screen R (Fig. 139), a beam of 
light from a source S must be sent through it and a suitable converging 
lens L must be placed between the slide and screen to form the magnified 
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imaee The standard size of lantern slides m this country is 3i X 3 J m. 
andVe diagram shows quite clearly that only atout a quarter of t^ 

is considerably greater than that of the ordinary projection lens. In 
order to increL^ the field of view of the projection system, a ronverging 
lens N, called the condenser, is placed just in front of the sUde on Ae 
same side as the source of light and its focal length is w arrang^ tto 
it produces a real image of the source at the centre of the projection 



Fig. 140. 


lens. It will be quite clear from Fig. 140 that this greatly increases the 
field of view of the projection system. An examination of JFig. 141 will 
also make it clear that the condenser must be free from spherical and 
chromatic aberration, otherwise the field of view is* not quite so large 
as it could be in the absence of these aberrations. For the marginal 
rays passing through the condenser in Fig. 141 do not pass through the 
projection lens if it is in the position shown, and so the outer portions of 
the slide will not be seen on the screen. Therefore the condenser is 


N D 



Fig. 141. 

made of two plano-convex lenses with their plane faces turned outwards 
so as to reduce spherical aberration to a minimum by sharing the total 
deviation equally between the four refractions, and the complete pro- 
jection system is shown ih Fig. 142. The projection lens itself is the same 
as lenses used in portrait photography, since it is merely a portrait lens 
working backwards. The requirements of the two lenses are the same, 
namely, good definition over a moderate field of some 30° in all, which 
is sufficient to give a picture 6 ft. square on a screen 12 ft. from the 
lantern ; a lens of large aperture to give the maximum amount of light 















on the screen ; finally, no depth of focus. It is made of three n, t 
components and mere advanced ' ' * ’ - - 


.. . , luusi oe consulted tor dehiir. .« 

the various types. The chief difficulty in the episcopic proiectfon 

objects IS to get a really bright image on the scrL, and thfa 

the" nn" ^ greatest possible illumination on 

the opaque object by using a concentrated filament high-powered C" 

an reflecting as much light as possible from it on to the object, and secondly 
by using a projection lens of the greatest possible aperture ;o « 

he greatest amount of light from each point of the object. Therefore 
the projection lens for episcopic projection has a greater 
that of the lens used for lantern-slide projection. 

The development of optical instruments is an admirable illustration 
of how progress is most rapid in scientific achievement when theory and 
experiment go hand in hand, and how pure science not only revolutionises 
indust^ hy the discovery of new ideas which' lead to quite new com- 
mercial processes, but is in its turn stimulated to the discovery of new 

knowledge by the demands of industry. We have seen how the wonder- 


diameter 





ful properties of the ancient natural lenses and mirrors led to the desire 
to understand their powers, and so to the foundation of geometrical 
optics and the conception of the thin lens and theorems concerning 
it and spherical mirrors. These theorems threw light on the working 
of the telescope and microscope and led to their improvement, but it 
was the very imperfection of the biggest telescopes of his time that led 
Newton to do his work on colour. He diagnosed the cause of the trouble 
correctly but was unable to find a remedy ; it was in the attempt to 
follow up Newton’s work that Fraunhofer discovered the dark lines in 


the solar spectrum and so laid the foundations of .,the new science of 
spectroscopy, which has revolutionised the very basis of theoretical 
physics. After chromatic aberrations had been greatly reduced, a demand 
for still further improvement in the performance of optical instruments 
called for further development of geometrical optics, which led to the 
discovery of the various aberrations of oblique pencils, which has mini- 
mised the labour of the lens designer by reducing the field over which 
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and error used in ray irawug. 
ory and experiment, of logic and 
rv which has led to the excellent 


Cliipi* AVXOAJIAj w* WWW 

performance of modern optical instruments 


' EXAMPLES ON CHAP^FER VI 11 

• qn t-m from the eye and viewed through a TOnvex 

5X>i<i-on. (Ox/W 5cW.) 

2 Explain the principle governing the design of a simple astronomical telescope 

Ld half of .he 

is L,«red, what change would expect to find in the image ? (Ox/ord Schol). 

3. Describe some form of telescope and explain how you would determine 

pairs of objects, such as stars Explain in 
I whv it is imoossible to recognize the presence of tw’o objects if their 

an^Ur separation is less than a certain amount. What factors 

minimum ? , -n * • 

4. Explain the action of a telescope made with two convex lenses, illustrating 

your answer by a diagram showing the paths through the system of a pencil 

licht from a point on the object which is not on the axis. 

Explain what is meant by the magnifying power of the telescope, and^ow ho 

it depends on the focal lengths of the lenses. ^ f 

5 Two convex lenses each of 20 cm. focal length are set up coaxially 5 cm. 
apart. An image of a flagstaff 200 m. distant and 10 m. high is formed by the 

CQiinbination. Find the position and size of the image. v • •' 

6. What is meant by the magnifying power of (a) a telescope, (b) a microscope ? 
Deduce a value for the magnifying power of a telescope if both the object and 

image are at infinity. j ^ • c 

A telescope consisting of an objective of focal length 10 in. and an eyepiece ot 

focal length 1 in. is used to view an object 100 ft. distant. If the final image is 

seen at infinity, find the magnifying power of the instrument. (O. and C.) 

7. An astronomical refracting telescope is adjusted to give a real image of the 
sun upon a screen. Draw a diagram showing the path of a pencil of rays through 

the telescope to a point on the boundary of the image. 

If the focal lengths of the object glass and eye lens are 100 cm. and 2-5 cm. 
respertivcly and the image of the sun, formed on a screen placed 30 cm. from the 
eye lens, is 9*6 cm. in diameter, find the angle which the sun subtends at the centre 
of the object glass. {N.U.y.B.) 

8. Describe the optical arrangement of a simple astronomical telescope. Draw 
a diagram showing the paths through the telescope of two rays from a distant 
point not on the axis. 

If the focal lehgths of the objective and eye lens of such a telescope are 60 cm. 
and 5 cm. respectively, and the distance between the lenses is 64-5 cm., where will 
the final image of a distant point be formed ? {X.U.y.B.) 

9. Write an essay on the optics of the refracting telescope. {N.U. y.B.) 

10. A spectator is sitting on a line bisecting a cricket pitch at right angles. 
The batsman 6 ft. high is 150 ft. from the objective of the astronomical telescope 
through which the spectator is looking ; the focal length of the objective is 10 in., 
that of the eyepiece is 2 in. and its diameter is 0*4 in. If the telesco\>e is adjusted 
to produce the final image at infinity, find the angle subtended by the image at the 
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adjustment must be made to bring the Lai imaee *?®!P?P® ? What 

eye and what w.11 be the magnify^g power o?^ ' 

11 A I l« 4.-.I • - - r * 


and convex lens o£' 26 'c”;^'foirSnrth™"L“l,'°” ^ foeal length 

typical rays when the instrument is directed towWs^rdStSit “bje?/. ***' 

‘•'^erama, the optical system^of^G^i 
Explain why, in this telescope, the concave lens produces a magnified image. 

a GahLT't5:s:;^e.'*'vttid^atfreriS: -"r*' 

telescope ? advantages has this system over the astronomiwl 

focal lengths of 25 cm. 

system is used to view an obiect at a HJ t ^ ^gmfication produced ^vhen the 

(O. and C.) 


of -2 h/focallengtr theTar^ Ledi^irk 1 ^ 

IS S in, long, what will be the len«h „f " *'’0 >“”‘1 

the opera glasses ? If he stands uo^what the magnifying power of 

if the diameter of the objective is &7 in. ? ^ ° m can be seen in the glasses, 


telescope T*^A^conL^ve^iSrro-^fo^ft°^^^ advantages of this type of 

the m!?ror ^ '’"ghtness of the image depend on the diaiJlSSr S 

10 r. ic. .e . . . (Oxford SM.) 


showing the paths or, W eUcmd ravs fro^tj? 

image upright or inverted in the case you describe } (O. and C) 

17. A 


lines ■ and V^wfcalXTraH^"' :> tt. is to be achromatic for the C and F 

facinli the evenierp ntar, reduced to a minimum by making the surface 

and the r^Si Find Tek focal len7h^ 

given in Chapter V their surfaces, using the table of refractive indices 


ertum ofJhP magnifying power 300 is to be designed. The 

eve is 0 1 in ® ni ^ ^yeP^ece, if the diameter of the pupil of the 

- ® } 1 ' ^ aJso the field of view of the telescope. 

earth ^^thp ffnaffj^ Used to look at the moon, which subtends an angle of Tat the 

of 300 in Hiip to infinity. Find how much of the magnifying power 

of 300 IS due to the objective and how much to the eyepiece. 


19. Draw a diagiam showing the path of rays through a compound microscope 

i a^'s, when the image is formed coincident with 

h vr«oa.<>v*« if 


object point not on the a^s, wnen me image is tor 
the object at the distance of most distinct vision from thfe eye. 

, f ** cm. the distance of the object from the objective 4 cm., 

and the magnifying power of the instrument 14 , find the focal length of the lensesv 

{Cantb. Schol.) 


20. Describe the compound microscope, illustrating your answer by a diagram 
showing the passage of rays through the system. Distinguish between the ma^ifi- 
cation and the resolving power of a microscope and state on what factors each 

Schoi:) 
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21 . Describe the optical system of a 

conc;med when it is used to view a Imear object. What is an ultra 

22. Two converging lensw tSfobjSWJtnd*^^^ 

23. DUcu.. the difference ^ 

.niffs' cse. ExpUin ..«, ho« 

nr^Ltte“ ™;rrorie idea, ndcroscopic obiecrive «rd expUin how 
and to what extent they are realised in practice. ^ ^ 

25. Optical inatnimenta always reduce the brightness of finite 
Discuss this statement. 
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Chapter IX 

PHOTOMETRY 

78. INTRODUCTORY 

Since the industrial revolution took nlar*** i., 

growth in the population of the great natiW tt torU ^nT “ 
steady migration of population from the Xntrv mT t ^ 
in the produ«ion of a considerable numr oT ^e^ la^rto^rw^ 

aTsrberreJorbIrtrlhf Stf m^a^* “""'"h 

cotton spinning the wool industries, the iron anTrtedbdSSes' which 

employ thousands of people m indoor occupations. Consequently there 

IS the correct amount of light in factories in which people ^ork^? Wliat 

IL ^hl rliumination for the ledgers in which clerks write and on 

f m which mechanical draughtsmen labour ? What is 

thZ 'llnmination in the streets at night, so as to render 

them safe for the pedestrians who walk along them and the motorists 

through them ? And when the correct illumination has been 

the dUn r-n ptoduced ? Will the lamps at present at 

the disposal of the illumination engineer be satisfactory, or is it necessary 

produce new and more efficient types i And how are the lamps to 
be arranged so as to give the required illumination of the surface without 
any shadows and without glare .? These are some of the main problems 
which confront the illumination engineer in this age of large towns, 
huge factories, and rapid motor traffic. It is evident that they can only be 
solved by the scientific method of learning to measure the various quantities 
in numbers ; once this has been done, it is possible to make some pro- 
gress and we shall see that considerable progress has been made. It 
IS evident that two quantities have to be measured in numbers. The 
fi^rst refers to sources of light We should all agree that an ordinary 
e ec ric *g f» such as is used in a living-room, is more powerful than a 
small pea lamp m an ordinary flash lamp. By this we mean that the 
electric lamp appears more powerful than the pea lamp when they are 
the same distance away from our eye. Presumably the electric lamp 
sends more light per second into our eye than the pea lamp. But we 
want to be able to measure both amount of light and this power of the 
lamp in numbers in some way. The scientific name for the amount of 
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light entering the eye or ^mg light 

flux, and the scientific name for t ^ brightness of 

luminous intensity. The secon ^ , daylight or by artificial 

light. For example a per»n ^^.ng “ 

will move towards the wmdow, since P S u^jahtness of a surface 
of the solution of the problems we have mentioned above. 


fundamental 


form 


It IS well Known mat iig,sxv X., - . 

sun are concentrated by a lens on to a pte^ of P»P® 

^ ihTIIght is itsflf energy. So it is natural to _the hg^ 

h^t wht* h cross the plane in one second. This would be the mc^t 
logical definition, but it has not been adopted for two reasons. In 

prodLs different degrees of sensation according to the colour of the 
Hght, yellow producing the greatest effect and other colours propor- 
tionately less, as the limits of the visible spectrum are approached. Conse- 
quently the number of ergs per second of light flux does not give any 
real idea of the magnitude of the sensation produced m the eye until 
the colour is specified. Secondly it would be inconvenient to have such 
a unit for practical purposes, because it is rather labonous to rneasure 
the light flux in ergs per second, and it is further unsatisfactory because 
its value is so small. For example, the eye can just detect a light Hux 
of l-7xl0“9 ergs per second; an ordinary electric lamp consuming 
electrical energy at the rate of 60 watts gives out light at the rate of 
1-67 watts. So the unit of light flux has been defined in quite a different 

^ m m • * ^ t 


way 


standard 


constant luminous intensity, has been agreed upon and the unit of light 
flux has been derived from it. This is far more convenient in practice 
and bears a much closer relation to the sensation produced in the eye by 

the light, 

A satisfactory standard source of light must give out a constant amount 
of light per second, it must be reasonably easy to make and be accurately 
reproducible. This last statement implies that two competent physicists 
in different parts of the world must be able to make the source and that, 
if they bring their sources to the same place for comparison, they will 
have the same luminous intensity to the required degree of accuracy, 
which is 1 in 100(> in photometry. The first standard suggested was the 
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candle, which was made of a specified kind of wax of a definite A- 
and m^s, and was to bum at a definite rate. It was aband^ed h 

by the Vern^ n _H arcou rt p entane liunp, which has a Lninous inS '' 

taining 8 parts in lOOo' of wate‘; vr^lr.'" rMsirdaTis Z 

nternationally. It is somewhat difficult to set up and so attemnts L 
een made to find more suitable standards. In Germany the^^Hefnlr 

when burned in the standard way, and it has been salted ffia? 1 
uminous intensity of a square centimetre of platinum at ffie temperature 

Harcourt pentane lamp, both the National Physical LaLratory in this 
countiy and the Bureau of Standards in America have adopted electric 
lamps of standard construction and burning at a definite"^ wattage as 
^b-standards as they are so much quicker to set up and easier to^use. 

f f 'ominous intensity is the International candle, which Is 

light uniformly in all directions at one- 

iT.ll 1 Jin Harcourt pentane lamp burning 

air at 760 mm. pressure containing 8 parts in a 1000 of water 

' ' H is evident that this source is a theoretical concept only. 


, me amount oi iigni 

tailing m one second on a unit area placed at right angles to the 

direction of the light at unit distance from an international candle. 

1 he reader must be careful to realise that the lumen measures the rate at 
which light energy passes through or falls on the area ; it does not measure 
a quantity of light, but a rate of flow of light. And we may add here that 
the term, amount of light, is not a vague one ; it means the quantity 
o ^ and the dimensions of the lumen are those of power. 

The luminous intensity of a source is the amount of light 
falling in one second on unit area placed at unit distance from the 
source at right angles to the direction of the light. For example, if 
the luminous intensity of a source is 50 candle-power, it means that the 
source produces a light flu.x of 50 lumens on the unit area at unit distance, 
which is 50 times that produced by an international candle. This is 
the reason for calling the unit of luminous intensity the candle-power. 

The illumination of a surface is the amount of light falling in 
one second on unit area of the surface.. The unit of illumination is 
either a lumen per square foot or the foot-candle. This is the illumina- 
tion on a surface 1 ft. from an international candle and is obviously 
equal to a lumen per square foot. Other units of illumination are the 
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^etrc-candle. the Ulutnin^ion on a surf^e at 

candle, and Ae phot, ‘ cases the surface is at right angles 

international candle. In^chofth . - ^jj.j,e. It is evident that a 

to the direction of the light falling on 1 j^etre the phot to a lumen per 

nietre-candle is equal to a , phot. 

%inauv the brighmess of - ^end^soun^^ 


candle-power ot umt area 01 

the term, luminous intensity 
FUNDAMENTAL LAWS 


: THE INVERSE SQUARE LAW 

1C wavs of measuring luminous intensity 
Before we can go on to laws relating 

and illumination, we m ^ theoretically provided that 

r— rs“ »• i-. — 

ftiually in all directions. It is therefore nec^sa^ 

ro bear in mind that actual sources may not fulfil 
these conditions exactly, and we must be P«P^ 
to find evidence of thta in our experimental results 
and to make the necessary allowance for it. l.et 
us imagine, then, that we have a point source ot 
candle-power P radiating light equally m all direc- 
tions at the centre of a sphere of radius r (Fig. 


UUIi5 av JT ^ 

1431. The total light flux emitted by this source 



Fig. 143. 


47r 


47t. Hence 


at unit distance ana me aica 

the total light flux falling on the sphere of radius r is 4v P, and so the 
illumination I of the sphere is given by 

A 


I 


Arrr 


I 


p 




(46) 


Hence we see that the illumination of a surface is inversely 
proportional to the square of its distance from a point source of 
illumination. This is known as the inverse square law and is due to 

It is also important to realise that the illumination of a surface due to 
a given light flux changes as the angle between the direction of the light 

flux and the normal to the surface changes ^ 

flux L lumens falling normally on the surface AB (Fig. 144), whose 

length is unity in a direction normal to the plane of the paper, 
the illumination I of the surface is given by 


Then 


I 


AB 
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iNow consider the illumination of the surface BP 

•n .., 1 . . .i.h 0,. ft. BjStSta'.'.'r 

ition of the surface BC is given bv 



COS d 


cos 6 




l 0 = I cos 6 


^ (^ 7 ) 

ence the illumination of a surface varies as the cosine of the ancle 

between the direction of the light flux illuminating it and the normal t 
he surface, and so decreases as the surface is turned to be more obliaue 
to the incident light It is important to realise here that the illumination 
of a surface IS not the same thing as its brightness ; the one refers to the 
amount of ight falling on unit area of it in unit time and the other to the 
amount of light emitted by unit area of it in unit time. So the brightne* 
will omy be equal to the illumination provided that the surface reflects 



al! the light which falls on it. Also it is possible for two surfaces to have 

the same illumination and to have widely dilfering brightnesses due to 
a difference in reflecting powers. 

We are now in a position to understand the principle underlying the 
various methods of finding the luminous intensity of a source of light 
and the illumination of a surface, the two main determinations in the 
science of photometr>\ The reader will be familiar with the fact that all 
scientific measurements are made by means of the senses, but that the 
advance of science has limited the use of the serises as far as possible, 
and, in the majority of cases, restricts it to deciding the coincidences be- 
tween two lines, as, for example, that between the pointer of a galvanometer 
and the zero mark of a scale in the measurement of a resistance. In the case 
of photometry it is necessary to make rather greater demands on the eye. 
It is required to decide when two surfaces are equally bright ; it is found 
that the eye can do this to an accuracy of 1 per cent, under the most 
favourable conditions, which are an illumination from 4 to 40 foot-candles. 
If the two surfaces are made of the same material, when their brightnesses 
are equal, so are their illuminations, and it is easy to calculate the ratio 


two 


faces. 


two point sources of candle 
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,t at the same angle i on to *e Wo AC only 
. AB being Jtf distances d, and dj of *e sourcB 


Pi COS i Pi CO® * 



(48) 


Hence the ratio of t^e luminous r^^d^d, if one 

o/l^™tndle-power. that of the other can at once 


r 

1 


4 



d 


Fig. 145. 


be found. 


fundamental relation from which 

oil rihotometers. Once 


luminous intensities are nimnination of any surface can 

s.= 

„„ „d V.U.8 *• di""”" »; ■r'' 

a'^ ^ « .1 ^VilfTlin 


examination 
can be calculated 


illumina 


non o. lo' “-‘'-‘7/ f i^en surface. The various photo- 

squares and IS equal to *at of g intensity differ from 

■"'“irherlxrvicl: ad“S enabung the eye to decide »hen 
Ae two surfaces' are equally bright. A number of photometers will 

now be described. 

81. THE GREASE-SPOT PHOTOMETER 

This photometer consists of a circular sheet of white paper, which 
reflects all the light which falls on it and transmits none. It is mounted 
f a^iWble holder and a spot in the centre of it is made translucent to 
Heht by dropping a little grease on it. This part transmits a good deal of 
the Ught and reflects the rest. The photometer and the two sources are 
moimted as shown in Fig. 146 and the distances of the two sources from 
the paper are adjusted, until the spot disappears as viewed from either 

rfthe the other, two mirrors M. and M, are placed so that an 

eye at E can see both sides of the paper at the same time. W hen the 
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spot disappears it can be shown that the • IX 

paper is the same, and so the distances rf, Id Z ^ 

respeettvely from the screen are measured and tL rado ^ 

mtenstttes P. and P, is calculated from equation^? 

o see that the illuminations are equal when the snnt A ■ 
us imagine that 100 lumens fall on unit area of th. I Tu dmppeats, let 

paper and that the spot transmits 40 per cent of Ih **“ 

reflects the rest. Each unit area of tL paper refl^JL fm fu ° 

side of the paper is Tern aI’ epm 

- ieft-hand sidl he sees 

see the opposite from the 
right-hand side. This is just 



p 


) 


ii 


I 




^•E 

Fig. 146. 


a simple case of the general 
rule that the spot always 
looks darker than the paper 
when viewed from the side 
on which the illumination is 
the greater. Also the spot 
can only send out as much 
light as the paper on the 
left-hand side, if it restores 
to the reflecting beam in 
some way the 40 lumens 


which it has lost by transmission. This can onTbeZe by prZdnT^ 

tarmh^l”* ‘ri!"" "id«- when Ae spotliU 

transmit 40 lumens of this and so bring up the amount of light which it 

vmits towards tne left to 100 lumens per unit area. This is Aeh equal to 

b- iZsl'" S “ *•>= will 

tha f a P™™ for himself 

that, If the spot disappears when viewed from one side, it will also dis- 

appear when view ed from the other. 

As the principle of this grease spot photometer is the same as that of 

the more accurate Lummer-Brodhun photometer to be described below, 

we shall discuss the general case. Let the illumination on the two sides 

be and I 2 (Fig- 146), then the amount of light reflected diffusely by 

umt area o t e paper is Ij on the left-hand side, assuming it is a perfect 

reHector. If the grease spot reflects a fraction r of the light falling on it 

and transmits the rest, both the reflection and transmission being diftuse, 

then the amount of light sent towards the left by the spot is rL+(l^r)h, 
Hence the spot disappears if 


Ii— rli4-(l— r)l2 


that is, if 


I, = I 
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or if the iUuminations on the two sides equal. “ 

ously on both sides , , . konH <t\Aet This would seem to indicate 


Consequently, in practice, the two sources of light ^ 

this^on it is especially desirable to have the two rntrrors Miand h 2, 


that the two 


THE 


easy to decide when the contrast between the spot and paper 
*ka. cTwssocfa.tsnnt nhotometer ; this means that one or the 


IS the same m ine grcaac-D^f^c ^^a. 
sources may be moved by some 
5 per cent, of its distance from 
the paper before any noticeable p, 
change in the contrast is pro- 
duced as between the two sides. 

So Professor Joly, of Trinity 
College, Dublin, designed a 
new form of photometer in 
which he hoped that equality 
illumination 


d 


1 



- d 


E 

Fig. 147. 


or lUUliUIiatlCill 11 1 13 J D 00 

accurately judged. It consists of two paraffin wax blocks B, and Bj, as 


nearly as possible — r i_ r> 

The blocks are mounted with the line joining the sources Pi 


and Pi 


normal 


llUriXlIU W mvr w- j. 

source Pi iUuminates only Bi and that from P2 only B2. The distances 
dx and ^2 are adjusted so that the two blocks look equally bright when 
viewed by an eye at E ; dj and are then medsured and the ratio of 
the luminous intensities is calculated from equation ( 48 ). It is advisable 
to repeat the experiment with Bj and B, reversed in case they are not 

identical in thickness or reflecting power. 


THE 


difficulties in trying to decide if two 


bright is that the surfaces are usually separated by a line of small but 
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the observer always has the feeling that he could m.i 
comparison if the two eurfce.. .. . . “ ”“1“ > 


ana i3roan 
porating this feature, 
luminous intensities 


are to 


surfaces actually touched __ 
ceded in designing a photometer 
two sources Pj and Pj (Fig. 148), 
be compared, illuminate the two 


/ 



Fig. 148. 



% 



respectively ot the screen N, which is painted with a very good reflector 
such as magnesium carbonate. Some of the light reflected from the left- 
hand side of this screen is reflected by the plane mirror Mj towards 
the two prisms Rj and R 2 . is an isosceles right-angled prism with 
a flat base, while R 2 is of similar desi^ only with a slightly convex base, 

and so the two prisms are only in contact for a small 
circular patch in the middle of their bases. There- 
fore the inner rays from the mirror Mj pass straight 
through the two prisms and come out and fall into 
the eye at E, while the rays on the margin of the 
beam are totally reflected by Rj, since they strike its 
base at a point where it is separated from the base 
of R 2 by an air film. In the same way the inner rays 
of the beam reflected from M 2 , which originated in 
the right-hand side of N, pass straight through the 
prism combination, while the outer rays are totally reflected and enter 
the eye. The field of view presented to the observer is shown in Fig. 
149 and consists of an inner circle 1, which is really an image of a sm^ 
portion of the left-hand side of N formed bv reflection in Mi. and an 



Fig. 149. 
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.inRo. There is practically 

formed by reflection in ana the transition from 

no line of demarcation f „d R takes pUce in 

total reflection to the field and adjusts the 

distances di and dt of P,an^ The bright- 

rrr a^rSore t Uluminations^of the two sides of N are theuequal 


luminous intensities Pi and P 2 of the two 


calculated 


suffers from the disadvantage tf^tj ca J ^ given observer 

of sources of different [ 


case 


„vX:;rppreciahle difference in the brighm^ f e ^ 


two 


nated surfaces. 


“ 3;sr£ ’S5 t2's=» =- 

su;”“ srr.rrrr su“7j 

oaring the luminous intensities of the two sources wave-length by wave 

length and then integrating up the whole effect. etai s ° ^ . 

are beyond the scope of this book and the reader should consult Haray 

and Perrin’s “ Principles of Optics ” for an account of this technique 

known as spectro-photometry. But a simple method of comparing 

brightness of two different colours is by the Flicker photometer, which 

will now be described. 

84. THE FLICKER PHOTOMETER 

This photometer can be used both to compare the luminous intensities 
of sources of the same colour as well as those of different colour. It con- 
sists of a white screen N (Fig. 150) and a Maltese cross C, which can be 
rotated at a suitable speed about an axis normal to its plane by an electric 
motor The screen and cross are each painted white and are arrange 
to be at the same angle to the light incident on them and to the tube 1 
down which they are observed by an eye at E. The screen N is illuminated 
by one of the sources Pj, while the cross is illuminated by the other source 
P, and if the cross is rotated the eye at E has presented to it at regular 
inten^als first the screen N and then the cross C. If the brightnesses, 
and therefore the illuminations, of the two surfaces are different, then a 
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»c....uon or nrckenng is experienced which can be made m ^ 

screen and the cross respectively are measured and th^'ratio of tH 
mous intensities of the two sources is calculated from equation fast" 

eye IS most sensitive to flicker" the speed be^g diffl^t fo, diff ** 
liluminations of the screen. ^ inerent tor different 

If the luminous intensities of two different coloiir«i 
the cross is set rotating and a uniform colour is produced superZ^d 

.creens^ When this is the case, the brightnesses of the two dKerent 
. 0 oiired surfaces are said to be the same. Hence their illuminations are 
equal ana so the luminous intensities of the two sources can be calculated 




Fig. 150. 



in the usual way. It must be emphasised that this statement that the 

brightnesses of the d.ifferently coloured surfaces are the same when the 

fliCKer disappears is an arbitrary one, but it is found that the results 

obtained on this assumption agree within the limits of experimental 

erroi with those obtained by the more fundamental method referred to 
in the previous article. 

Certain precautions must be observed if accurate results are to be 
obtained with any photometer. It is necessary to use sources of accurately 
the same colour except with the Flicker photometer, otherwise it is not 
possible to make an accurate setting for equal brightnesses of the two 
illuminated surfaces. \\ hen the brightnesses of the two surfaces become 
nearly equal, the eye seems to be very sensitive to differences in colour, 
and, if the two surfaces are not identical in colour, it is quite impossible 
to fix the position of the two sources for which the brightnesses of the two 
surfaces are the same. It is possible to move one of the sources through 
quite a considerable distance while the other remains fixed, before the 
eye can be certain that one surface is fainter than the other. Secondly, 
the distances of the sources from the surfaces should be so adjusted that 
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the illumination lies between 4 and 40 foot-canm^ iuSfon I 
sensitive to changes of rcan d^e” f diffe “ 

" -O^ rof - 

:: c-^ t X^VSf ete. ;n - .ut^, 

«;o that the crease spot disappears. T. he r TTcina 

the same notation as when discussing the grease spot pnoi 
spot disappears when 


Ij = rli + (1— r)l2 


Really it disappears when 


or 


rli + (l— r)l2=Ii± loo^l 

(1 — r)l2=(l 


that is, when 


I. = Ii± 


I 


1 


100(1 -r) 


Therefore if r^l, even when the spot does disappear, there is a 
able uncertaintv in the equality of I, and 1,. Now the Lurnmer-Brodhun 
photometer is really a grease-spot photometer, in which the circular 
patch of the bases of the two prisms which are m optical contact replaces 
The grease spot. For this spot 1 =0. and so the uncertainty in the equality 
of 1, and I, is a minimum. This is another reason why the Lurnmer- 
Brodhun photometer is one of the most accurate of all photometers. 
Finally, it is necessary to eliminate all stray light ; each surface must 

be illuminated hv the appropriate source and musi receive >10 
anv other pUici . If stray light is not excluded, it makes it more difticiilt 
to decide when the two surfaces are equally bright. For example, let 
the two surfaces be illuminated with an intensity of 100 foot-candles from 
their respective sources. Then, if one source is moved so as to alter the 
illumination of its surface to 99 foot-candles, the observer will just 
detect a difference in brightness of the two surfaces. But, if the two 
surfaces have stray light of intensity 50 foot-candles in addition to the 
100 foot-candles from their respective sources, it is necessar}' to 
move the source the further distance needed to produce an illumination 
on its surface of 98*5 foot-candles, making 148'5 foot-candles in all, before 
the eye can detect any dilYerence in brightness between the two surfaces. 
So the room in which photometrv is carried out should ha\ c the walls 
painted black ; screens must be placed so that any of the light striking 
the stands on which the photometer is mounted cannot get to either sur- 
face ; and the apparatus must be so disposed that the light from one 
source illuminates only one surface and sends no light to the other surface 
either directly, or indirectly via the walls of the room, or stands, or other 
apparatus, if these precautions are observed it is possible with practice 
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i 


are 


through 

ram of Fig. 151 and 
It is found with most of the 


will be considerably hss accurate 
m detecting small differences of brightness. ^ 

85. MEAN SPHERICAL CANDLE POWER 

s^rif Ae*iu >" a certain direction. It remains to S 

:L‘trrer N :f in Fig. 151 Jrrespt;^ 

intU-:;! lt:d i^hT^rX" 

so as to be in the position shown in the k 

the luminous intensity is again measured. xi is louna witn most of the 
common sources of light, such as gas mantles and electric light bu£ 

that the luminous intensity in these 
two positions is quite different, 
showing that the candle power of a 
source of light does vary with direc- 
tion. This variation has to be 
investigated experimentally by the 
method outlined above, the ex- 
periment being confined to one 
plane through the axis of symmetry 
which most sources of light possess. 

. , . _ When the candle-power in a 

suitable range of directions in this plane has been measured, the results 

are plotted on a diagram illustrated in Fig. 152, in which the candle- 

power m a direction making an angle of 30° with the horizontal in a 

downwards direction is given by the length of the line OA. Such a 

curve IS called the polar curve of the source of light and the diagram 

s ows a typical curve for an old-fashioned filament lamp. It will be seen 

that the candle power in a direction perpendicular to the length of the 

filament is considerably greater than that in the same direction as the length 

of the filament and is greater in directions below the bulb than above it. 

This result makes it necessary to revise our definition of the luminous 
intensity of a source. If dh is the amount of light falling in 1 second in 
lumens on an area da placed 1 cm. from the source so that the light falls 
normally on it, the luminous intensity P in the given direction is given by 

IT 



N 



Fig. 151. 


P 


da 


possible to calculate 
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•pherical c«ndle-power of the source, which is equJ to the 

procedure U as follows. The poUr curve is divided into « sectors eacn 
covering an angle of radians, and a sphere of unit radius is described 


If the candle-power in the sector making an 
with the horizontal is P. then the light emitted in this direction 


about the source as centre 



Fig. 152. 


falls on a zone of the sphere formed by rotating the lines bounding the 
sector about the axis of symmetry of the source, which is assumed vertical. 

Therefore the length of the zone is In cos 6 and its breadth is . The 


amount of light falling in 1 second on this zone is 


Px27r cos dx 



or 



. P cos 6 


Thus the total amount of light emitted by the source in 1 second is 


47r2 


.2 


P cos 6 lumens 


the summation being taken over the n zones into which the sphere has 
been divided. This is the quantity which is really of interest in con- 
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found by dividing it V;;.* ’ candle-power being 

This operation is somewhat tedious and it can be replaced hv , 
experimental method, once the mean spherical candle-Lwer of a 

has been found by the above method. The source of livhr P 

^herSif IsTl" wh'h'"" ‘ I “ Inters 

P ( ig- 153), which IS a large sphere som^^ 3 tn Q • j* ^ 

.1. .„,K , p™ j L s,, " jrs 

hole A out of which light can escape. The 
surface of the sphere is a perfect diffuse reflector 
and as a screen N is placed so as to prevent 
^ any light from escaping directly from the source 
Pi through the hole A, the light which issues 
from It is proportional to the total quantity of 
light emitted in unit time by the source. The 
reason for this is that light from almost every part 
of the inside of the sphere contributes to the light 
escaping from the hole and so light emitted in 

Thiiq u • II direction from the source is included. 

Thus the sphere IS called an integrating sphere because it performs 

experimentally the integration described in the previous paragraph. 

pho ometer. or some other suitable type, and then the source of required 

candle-power ,s replaced by another Pj, whose mean spherical candle- 

po V er has been found by the method described above. The luminous 

tensity oi the hole A is again compared with that of the same source S 

and the ratio of the luminous intensities of Pj and Pj can now be calculated. 

1 IS equal to the ratio of the corresponding mean spherical candle-powers. 

s that of P 2 is known, the mean spherical candle-power of P, can be 
calculated. ^ 



86. THE MEASUREMENT OF ILLUMINATION 

The reader will recall that the illumination of a surface is the amount 

^^^t'gy falling on unit area of it in unit time and is measured 
either in lumens per square foot or in foot-candles. We have already 

emphasised that the measurement of illumination is essentiaP if the 
ighting of factories and streets is to be improved, for both the illumina- 
tion regarded by normal persons as adequate and the present illumination 
must be known in order to decide whether improvement is needed and, if 
so, to what extent. It is hardly necessary to add that it is not much use to 
the illumination engineer to know that the illumination at a particular 
point in a factory is bad and that it must be improved. He must be able 
to obtain numerical measures of these quantities if any real progress is 
to be made. There are two classes of illumination meters ; the first 
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produces a surface of known illumination, which U jud^d by the eye 

of the same brightness as the surface under test ; the lUumiMUo 

of th.t .urface U then equal to the known UlumiMtion. i^e 

^ consists of those which convert the light falling °" ** ^*“ 
electric current and detennine the aiuminatKin from the strength of the 

“Th^Web^fU^lnatlon Meter (Fig. 154) is an “^^wh^ 

class and consists of a Lummer-Brodhun photometer head L. which 



R 

Fig. 154. 


receives light from the surface to be tested and also from the translucent 
plate T, which is illuminated by the lamp S. The distance of this lamp 
from the plate can be altered so as to produce a variety of illuminations 
on it, and the rod R on which it is mounted has a scale which is calibrated 
in foot-candles in the following way. The unit shown in Fig. 155 is 
placed on the test plate P and the 
current through the lamp M is ad- 



To ateber iHaminatHin 

metor 



justed to a definite value, from which 
its candle-power is known, and hence 
the illumination of the plate I can be 
calculated from this candle-power and 
the distance from the lamp to the 
plate. Let us suppose the illumina- 
tion is adjusted to be 1 foot-candle. 

The illumination meter is then sighted 
at the plate P through the hole H, and 

the distance of S from the plate T is adjusted until the two halves of 
the photometer field appear equally bright, and the point on the scale R 
opposite the fiducial mark F is marked 1 foot-candle. This process is then 
repeated at suitable illuminations over the range for which the meter is 

14 


Fig. 155. 
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to be used, and the illumination of any surface is then measured by 
placing the test plate P on the surface and sighting on it with the 
illumination meter. The distance of the lamp S from the plate T is 
adjusted for equal brightnesses of the two halves of the photometer field, 
when the reading of the scale R gives the illumination of the surface in foot- 
candles It must be emphasised that this instrument measures the 
illumination of the surface, which refers to the amount of light falling 
on it and not to the amount given off by the surface. Hence there is no 
objection to covering the surface with a test plate, which may be of a 
different material, since this does not affect the amount falling on the 
surface. The reader will appreciate that the test plate must always be 
used, since the calibration was carried out with that plate and it is 
essential that the same fraction of the light falling on the surface should 

be sent to the meter in actual use as in calibration. 

The other type of illumination meter is based on the photo-electric 

effect which will be discussed more fully in Chapter XVII. It is well 
known that, when light of a suitable wave-length falls on a metal pla e 
electrons are emitted and that the number of electrons emitted per uni 
area ^r unit Zl is proportional to the light energy falling on unit area 
of the Plate in unit time. The photo-electric illumination meter does 
not make use of a metal, but of the copper-cuprous oxide surface which 
is used in meul rectifiers. This is prepared by heating pure “PP" 

thicker layer of cupric oxide. This outer 0 J distance of the 
mechanically or dissolved off, and it is 

surface to electrons flowing electrons flowing away 

from the copper. If light is sent on to 
the cuprous oxide surface, it behaves like 
a metal and emits electrons, and much 
larger currents are obtained in this way 
than with a metal surface alone. It is 
usual to coat the cuprous oxide surtace 

with a very thin layer of gold or ^^he currln^t produced is ' 

to penetrate this to reach the cuprous oxide ^he cu ^ 

proportional to the illumination on the surfac^e a ^ 

amps per lumen. The illumination meter simp y galvanometer, 

cuprous oxide surface joined to a ^ j^j^p of variable known 

which is calibrated direct y |,,ber Illumination Meter. 

The photo-electrical ^ simflar to that of the eye 

be mentioned incidentally that it « admirably adap 
experiments in the laboratory, for it is easy to 
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5 used to see to what 
squares by mcasurinig 
ter at various distances 
thod of measuring the 
iduces an illumination 


away from the source. It also gives a simple method of 
luminous intensity of a source ; if the source produces 
of 10 foot-candles at a distance of 2*5 feet, then the candle-power is 
10x2*52 or 62*5 candle-power. It can also be used for measuring the 
way in which the candle-power of a source varies with direction and so 
for obtaining the polar curve of the source. But its chief practical \ue 
is as an illumination meter, and it is being used both in illumination engin- 
eering and is also being sold to photographers as an exposure meter. 


87. MODERN ILLUMINATION ENGINEERING 

We shall now consider briefly how the ability to measure the luminous 
intensity of a source and the illumination of a surface has been used to 
improve the lighting of buildings, factories, and streets. This is now 
done scientifically and the name given to this branch of knowledge is 
Illumination Engineering. The first problem to be settled is the suitable 
illumination for various types of work, and this has been done by measur- 
ing the illumination at which the work is carried out and varying it until 
the average worker expressed himself satisfied that he could work com- 
fortably. Tests were carried out with a large number of workers in each 
occupation and an average value of the comfortable illumination for 
each occupation has been obtained. Both the Electric Lamp Manu- 
facturers’ Association and the Illuminating Engineering Society have made 
tests and the type of results which they obtained is showm in Table 11. 

When the comfortable illumination for various occupations has been 
settled, it is possible to design scientifically the lighting system in a room 
so as to provide the recommended illumination. Let us imagine that W'e 


Table 11 


Occupation or Type of Room. 

Recommended Illumina- 
tion in Foot-Candles. 

General Stores. 

2-4 

Classrooms in Schools. 

5-10 

1 

Ordinary* Shops. 

Tailor’s shop ; operating theatre 
billiard table. f 

10-15 

20 

Type-setting and engraving. 

35-50 

Operating-table. 

100 


wish to instal electric lights in the lecture theatre of a University so as 
to produce an illumination of 10 foot-candles all over the benches. If 
the room is 80 ft. long and 40 ft. wide, an illumination of 10 foot-candles 
or 10 lumens per sq. ft, must be produced all over an area of 3200 sq. ft., 
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so the total amount of light falling on the benches and floor per second 
is 32,000 lumens. But the lights installed must emit light at a greater 
rate than this, since some of the light emitted is lost by absorption in pass- 
ing through the fittings and some by reflection off the walls and ceiling. So 
we must find the Utilisation Factor of the room, which is the ratio 
of the amount of light utilized to the amount emitted. It depends on 
the dimensions of the room, the height of the benches above the floor, 
the reflecting power of the walls and ceiling, and on whether the light 
comes directly from the lamps to the benches or is thrown up to the ceiling 
and then reflected down. The value can be obtained from tables ; let 
us suppose it to be ^ in this case. Then light must be emitted at the rate 
of 64,000 lumens. This is quite satisfactory at the beginning when the 
lamps and fittings are new, but the efficiency of the lamps decreases 
with age, the reflectors, walls, and ceiling get dirty, and so some allowance 
must be made for depreciation. It is usual to multiply the rate of light 
emission by the Depreciation Factor, which is usually taken as 1-4 
for interior lighting. So light must be emitted at the rate of 64,000 X 1'4 
“90,000 lumens to maintain an illumination of 10 foot-candles under 
average working conditions. If 100-watt coiled lamps of efficiency 


15 lumens per watt are used, we shall need 


90,000 

1500 


or 60 lamps in all to 


light the room. They will naturally be arranged regularly about the 
room, so that the illumination may be uniform over all the lecture benches 
and not bright in some places and dark in between. Many readers must 
have noticed the great improvement which has taken place in recent years 
in the lighting of hotel lounges, lecture theatres in Universities, and 
public halls, and this has been largely due to the application of these 

principles. 

Precisely the same ideas have been followed both in improving the 
lighting of the roads, a most important problem in view of the 6(^ 
people who are killed each year in road accidents, and in designing 
systems for floodlighting buildings, a feature which can be used both 
for advertising and for revealing in a new light the aesthetic features 
of cathedrals and monuments. In road lighting, for example, a minimum 
illumination of 2 foot-candles at the point midway between successive 
lights is recommended on roads carrying important traffic. In flood- 
lighting 1-25 to 3-5 lumens per sq. ft. is recommended in order to 

make the building stand out above the surroundings. 

There is still another factor which has contributed to the improvement 

in domestic and industrial lighting in recent years, the increase in efficiency 
of sources of light. It is one thing to say to a manufacturer that 10 foot- 
candles is the appropriate illumination for his factory, or to a public 
authority that 2 foot-candles is the minimurn illumination for a certain 
main road passing through their area ; but it is quite another thing to 
persuade them to adopt the lighting system needed to produce the given 
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illumination. The manufacturer wiU reply at on^ that he quite agrew 
that it is desirable to increase the illumination in his factory, but, m 
these days of keen competition, how can he ^ord the extra cost ? Some- 
times the reply is that the extra cost is negligible compared to the saving 
due to increased illumination ! For example, type setting can be done as 
efficiently in an illumination of 20 foot-candles as in daylight, but at 2 foot- 
candles the speed of the work drops to three-quarters and the misses 
made are doubled. But the cost of increasing the illummation from 
2 to 20 foot-candles is only one-twentieth of the money saved by the 
resulting increased speed and decrease in errors. What reply can be made 
to the public authority which objects to the increased cost of road lighting 
to give illuminations of 2 foot-candles ? Apart from the contention that 
the safety of human life is not to be measured against increased cost, 
it can be urged that the improvements which have been made in the 
luminous efficiency of electric lamps do make it possible to provide 
road lighting up to the above standard of illumination without an undue 

increase in cost. 


THE DEVELOPMENT OF ELECTRIC LAMPS 

tie efficiency of an electric lamp is usually measured in lumens per 


the 


can 


fpr a given power input. It 
emission of visible radiation in watts to the rate ot supply ot electnc&i 

energy in watts expressed as a percentage. The efficiencies of a number 
of electric lamps are given in Table 12, and it is interesting to sketch 
the history of the development of the electric lamp to see the progress 
that has been made in increasing its efficiency. The carbon arc lamp was 
first invented by Davy in 1810 and has been used in street lighting, but 
it needs a good deal of attention and is not reliable enough. The carbon 
filament lamp was invented by Edison in 1879, but its low efficiency of 
3*5 lumens per watt is due to the fact that it cannot be run at a high 
temperature, otherwise its life would be so short. Owing to the low tem- 
perature of the filament much of the electric energy supplied is converted 
into invisible infra-red radiation. A search was made for substances of 
higher melting-point, which could be used at higher temperatures, 
when a greater proportion of the energy supplied is converted into visible 
radiation (Barton’s “ Heat,” ch. 15), and both osmium and tantalum were 
tried without success. Finally, in 1909, Coolidge showed how to draw 
tungsten into very fine wires, and as its melting-point is about 3500° C. 
it is very suitable for the filaments of electric lamps. This doubled the 
efficiency, but the temperature of the filament could not be made higher, 
as it would evaporate and blacken the bulb. This was prevented by 
introducing an inert gas, argon, at about atmospheric pressure, so that 
the filament could be w'orked at a still higher temperature to increase 
the efficiency. This increase would have been offset by a loss in heat 
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due to conduction of heat through the argon. This was reduced to a 
minimum by a discovery made by Langmuir, who showed that a very 
thin filament was surrounded by a cylinder of hot stationary gas of con- 
stant diameter independent of the diameter of the filament and that the 
conduction loss took place off the surface of this cylinder. So he saw 
that the radiation produced by the filament could be increased without 
increasing the loss by conduction by coiling the filament so that it was 
like a spiral spring ; the diameter of the coil was almost equal to that 
of the cylinder of stationary gas and the coils of the filament were practically 
touching one another. Thus the radiating area of the filament is now 
almost equal to the surface area of the cylinder of gas, whereas with a 
straight filament it is equal to the much smaller surface area of the filament 
itself. So the coiling increases the amount of radiation produced in a 
given time without increasing the conduction losses and is therefore 
equivalent to reducing the conduction loss for a given rate of production 
of radiation. This is the coiled gas-filled electric lamp and its efficiency 
is about four times that of the carbon filament lamp. These tops give 
a continuous spectrum, but their light is deficient in blue and violet com- 
pared with sunlight, as the temperature of the filament is well below that of 

the surface of the sun, 

89. ELECTRIC DISCHARGE LAMPS 

An entirely new lamp has made its appearance in the last twenty years. 


filament 


trie Discharge Lamp, 

SXrCCL ilgilLiiig, ^ ^ t ^ 

and the light is produced by the passage of an electric current through a 
gas. There are two distinct types. The cold cathode type is an ordinary 
discharge tube containing a gas such as nitrogen or neon at a pressure of 
a few millimetres of mercury and requires a P.D. of some 50(» volts ; the 
electrodes and the tube are cold whep it is working. The light xs pr^ 
duced by the positive column in the usual discharge in a gas at low 
pressure, and since the length of this column is almost the same as that 

t nfgit advertising signs. The colour of the >amp depends on ^ 

^ neon gives a red colour, argon blue, carbon dioxide almost wlute. 
The light is produced in the following way. There are always some lo 
I 1 1 due to cosmic rays and traces of radio-active elements ; when 

pmssure thTgas is low enough, they may acquire sufficient ene^ 

between successive encounters to ionise a neutral t“'“y*%“ettron and 
that is they knock an electron out of the molecule This ^ 

the remnant of the molecule, now a positive ion, heg« 


in it 


the action of the field and they produce further ions 


sformed 


turing 
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into light. But it is not white light, but separate colours characteristic 
of the gas in the tube. In fact, the spectrum of the gas in the tube is 
emitted. These electric discharge lamps are not much more efficient 
than the vacuum tungsten filament lamp, their chief advantage lyu^ m 


the variety of design available. 

The second type of lamp, called the hot cathode type, has only become 
available commercially since 1931 and consists of an electric current at 
a P.D. of about 200 to 400 volts through a gas at pressures up to 1 atmo- 
sphere. The tube gets much hotter than in the first type. There is the 
sodium vapour lamp and the mercury vapour lamp. The sodium 
vapour lamp (Fig. 157) consists of a tube fitted with two electrodes, which 
are tungsten spirals coated with barium oxide to produce a copious 
electron emission. It contains neon at a pressure of 10 mm. of mercury 
and some metallic sodium on the walls of the tube, which is mounted 
in an exhausted vessel, so as to reduce to a minimum the loss of heat from 



Specha of mataf/ic sodium 

Fig. 157. 


the hot inner tube. When the P.D. is switched on, the discharge passes 
through the neon, and the heat produced begins to vaporise ^ome of 
the metallic sodium. In time, enough sodium vapour is produced to 
carry the whole of the current, sodium ions being produced in preference 
to neon ions, since the ionisation potential of sodium is less than that of 
neon. The sodium vapour is at a pressure of mm. of mercury when 
the lamp is working at its maximum output and the temperature of the 
tube is 275® C. Some of the electrical energy supplied to the lamp is 
used to keep the gas and tube at the correct working temperature and the 
rest is converted almost entirely into the well-known sodium D light, a 
small amount of infra-red light being produced as well. The efficiency 
of the lamp is about 50 lumens per watt, and it is the most efficient com- 
mercial lamp which has so far been produced ; but it is interesting to 
observe that only 10 per cent, of the electrical energy supplied is converted 
into visible radiation ! There is still room for improvement ! ! It is useless 
for lighting when colour discrimination is required, but the monochro- 
matic character of its light is no handicap in street and industrial lighting. 

The mercury vapour lamp works on the same principle, the discharge 
being started in argon at 10 mm. pressure and the tube containing a 
carefully measured mass of mercury so designed as to produce a pressure 
of 1 atmosphere when it is all vapourised at the working temperature of 
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the tube, 600° C. The visible radiation produced is in the yellow, green, 
and blue, and the lamp also emits a good deal of ultra-violet light. Its 
efficiency is about 40 lumens per watt, and it is suitable for street and 
industrial lighting. As it is deficient in red, while the filament lamp is 
deficient in blue and violet, a suitable combination of the two produces a 
close approximation to daylight ; but this idea has not yet been used 
commercially to any extent. The mercury vapour lamp wastes some of 
its electrical energy in producing invisible ultra-violet radiation, and 
experiments are now being made to increase still further the efficiency 
of electric discharge lamps by coating the inside of the vacuum jacket 
with a luminescent powder, such as zinc orthosilicate, which will 
convert the ultra-violet radiation into light. The colour of the light 
emitted by the powder can be controlled by the trace of impurity which 
must be present to make the powder luminiscent and can be arranged to 
make the total light produced by the lamp more like daylight. The 
deficiency in red light of the mercury vapour lamp has been corrected 
to some extent by this means and the efficiency of the neon cold cathode 
lamp has been increased by 50 per cent, by the use of zinc orthosilicate. 
Here, then, is another example of the way in which scientific knowledge 
and scientific methods are being used to improve the material conditions 
under which mankind lives, and the reader who is interested to know 
more about these problems and their solution should consult the bo^let 
on Electric Illumination published by His Majesty s Stationery Office, 
in which he will find a list of further books for reference. 


Table 12 



Type of Lamp. 


Carbon filament. 

Vacuum tungsten filament. 

Gas-filled coiled filament (low power). 

Arc lamps. 

Cold cathode neon lamp. 

Hot cathode mercury vapour lamp. 

Hot cathode sodium vapour lamp. 

^ u --.-I lamrv With lumincscent 


Efficiency in Lumens 
per Watt. 


3-5 

8 

11-15 

20 

15 

35-40 

40-55 

22 



90 THE PHOTOMETRY OF OPTICAL INSTRUMENTS 
in discussing the design f “I* 

their magnifying poVer and field of vi ’ ^ ^ established to 

account of photome.^ by applymg P^f'J^ru^ents. There are 

a^u^X^e rwher’l tL im^e 
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two important 


true, let us find h direction, 

light from such bodies must va^ wi 

Let AC (Fig. 1»») r P ^ „hose 


portjon ot sucn - - luminous intensity 

brightne» « B so that the 

of the element of observed from 

normal is BdS. It tne sur normal - 



a direction making an angle 6 'to AC in this direction is 

the surface, then the apparent “^C cos B. Hence the luminous 

_b, AD . 


Hence the luminous 

t^^e stSa:e1n‘:hX<:j:on n.rh;- bLos . if the bright- 

mtensity BdScosfl remain constant. So, if I and lo are 

, which will be . ^ 

luminous intensiUes of a surface m a 
along the normal respectively, 



which is Lfunbcrt. taw 

All surfaces are assuvud to “W “ emitted by a surface of 

Let us now calculate the rate surface. The 

brightness B. Consider an directions making 

amount of light emitted in ^^it ti > describing a sphere 

angles 0 and O+dd with the nor ^ centre. Then the portion of 

of unit radius about the above directions is a zone of 

leny^TsinV and w^dTh T Thus the light dF falling in unit time on 


this zone is given by 


<fF=Bi;Scos e . 277 sin 0 . dB 


amount of light emitted in unit time in a cone of semi 


vertical angle 0 is given by 


F 



27 rB .dS .sin 0 . cos 0 . d0 


m • 


F=7r BdS sinW 

emitting 


( 50 ) 


If the surface is a ti^^^^ unit area is trB. 

then the total amount of Tthe illumination of a 

The converse proposition is also important. 
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B. w'hire ® “f light of brightne® 

7rB=I 

in unit tlrArs’lttmol'trf S as falcon U ifunit Ume. 

Let us consider an element of area i/S. of an obiect of hr.VLf d 
candles per sq. ft., of which an image of Lea dS iJ B 

{ g. 59). The amount of light from the area dS^ falling on the 



rZ , equation (50). If the lens trans- 

i ^ y ^J' j i" ''"it ti"'® "" the image is 

/fTTBf/sSiSin 2^1 and the illumination I of the image is given by 

k TrBf/Sisin 2^. 


I 


dS 


But 

dB^_ 

_a^ 


d^{ 


and 

sin 2(9i = 

_ 

A 


for small angles 


• • 


I 


knUd^ 

" 4^2 

kBA 

■72“ 


• ( 51 ) 


. (52) 


where A — area of the aperture of the lens, whose outline is assumed to 
be circular. 

A very important proposition follows from this result. How bright 
an object appears when viewed by an observer depends on the illumination 
of the retinal image of the object formed by his eye. We shall call this 
brightness as judged by an observer’s eye the visual brightness of an 
object to distinguish it from the brightness defined as candle-power 
per unit area. It is evident from equation (52) that the illumination of 

/BA 

the retinal image of an object of brightness B is where t is the 


( 


i 
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r c A is the area of the pupil, and / is the 

transmission factor of the eye, Ap ^ ^ ,,„antitv. So the 


eye lens to th^ retina, a^const^ 


illumination of the image 


constants of the eye. Thus th( 
size is the same at all distances. 


the object and 
an object of fi 


truth of this important result 


be verified in another vs^ay. n ‘‘V”',;’ k'in each second ; but 

the eye, times less light entem the eye '^tion 


an object is moved r times 


the eye, rj -ti- s smaller, so the Ulumination 

the area of the retmal 1 g , of the object rcmam 


: retuiax r 

image and the visual brightness of tl« objert 


the same. 


1511 imap’e ana tnc vi»u.ai i^a*^**--*— — t . i_ 

'Tkrao^es not apply to P°i"^obiec. or oh^- 


retina, because 

small that their image excites uo.:. causes r2 times 

[-S-: cone in umt .hne ^and so ^ app^ 

times fainter than before. 


f- , 


an 

is a true measure of its 


illumination of the retinal 


idel^f 


IweirdistanceJ. The reason why distant objects appear fainter than 


near ones in practice is because of atmospheric absorption. 

^ . KricrVitness o 


t^s^a^rnr d i er;ressi;7for the brightAess of the image of 

vve snail Ilu^^ r . cast on a screen but 


an obiect formed by a lens, 4en the image is not cast on a screen i«t 
an ODjeci lurmcu Tyr-,„- ♦rt Vicr 1 SQ apain. we have 


an obiect tormea oy a — p- - 

IS to be observed directly by the eye. Referring to Fig. 1 59 ag , 

r. - . « - • ^ iintt tirnP 'TTJJittOlSm ‘^/li 


is to be observed atrecuy oy me eye. - o _ tj jc 2/9 

that the amount of light entering the lens in unit time is >’ 

r ..-1 T^Vmic tViP JlTTlOlint Ot llEnt 


4ere’ Bris""the brightness of the object. Thus the arnount of light 
entering the image in unit time is w ere 

mission factor of the lens. 


mission tactor ot tne lens. As the image is formed in air, the ligfit from 

it is not spread out through an angle tr, but only through a cone of semi- 

, ^ T r • s..\_ ^ u-:«.u4-«sooo r\( tVif» imacTP. thc amount ot 

vertical angle a 


imuugii ail aix^x^ j 

If B. is the brightness of the image, the amount ot 
light emitted by it in unit time is 7rB2^S2Sin ^2- 


krrB^dSi sin 20^=77B2^^S2sin ^2 


• B 


fiSisin W 


1 


i/S2sin W 2 


kB 


a^sin 20 j 


^02 sin 20 


If we restrict ourselves to small angles, 


fl2 sin 20J 


d2 


4 


02 sin W~> 


• • 


B, = /eB 


1 


( 53 ) 


It follows from this equation that the brightness of the image of ai 


object formed by a lens can never be greater than that of the objec 
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*. knBidSi sin %==nB,dS 2 
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his IS l^s than for the aerial image since d2c4dl It is quite clear 
tnat the brightness of an image cast on a screen is less than that of an 
aerial image, because in the former case the light is emitted over a hemi- 

''' ^ semi- vertical angle less than 

VO . We shall now apply these results to the telescope, microscope, and 
camera. ^ 


92. THE TELESCOPE AND MICROSCOPE 

If the brightness of the object is B, then that of the final image is JkB, 
where k is the transmission factor of the whole telescope. So the image 
seen through the telescope will be fainter than that seen by the naked 
eye, since an actual telescope may contain three lens systems and about 
4 per cent, of the light incident on the surface is lost by reflection and 
absorption at each refraction. So altogether something like 25 per cent, 
to 30 per cent, of the light is lost in transmission through the telescope. 
But the visual brightness of the final image is only proportional to AB 
provided that the pupil of the eye is fully illuminated, that is, provided 
that the diameter of the eye-ring (Art. 65) is equal to or greater than 
that of the pupil. It is quite clear that increasing the diameter of the 
eye-ring beyond that of the pupil does not affect the visual brightness 
of the final image, because such an increase merely means that only a 
portion of the aperture of the objective is being used. But the brightness 
(and so visual brightness) of an image is independent of the diameter of 
the lens forming it, and so this decrease in the effective diameter of the 
objective does not affect the visual brightness of the object seen through 
the telescope. But, if the diameter of the eye-ring is less than that of 
the pupil, the illumination of the retinal image is obviously less than the 
maximum for an object of given brightness and so the visual brightness 
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less than the maximum. If B U the brightness of the object, thm 
umination of the retinal image formed by Ae naked eye is — ^ 


) The brightness of Ae final image formed by the 

that the aiumination of the retinal image of this final image 


where A, is the area of the eye-ring 


the fact 


P 


pupa of Ae eye is placed at Ae eye-ring, hut light only passes 
an area Ar of the pupil. Hence 


Illumination 


Illumination- of Retinal Image with Naked Eye 


tkBh-r 


P 


k 


Ay ft Ao 


/ 


^BA 


A„ M2A 


Ao 


the objective and M= magnifying power of the 


the 


telescope. Therciorc 
telescope is proportional to the area oi tne oojecuve auu f-f- 

tional to the square of the magnifying power, if Ae pupd is not fully 


illuminated. 


The visual brightness of an object seen Arough a microscope is cal- 


culated in a similar way. If the brightness of the object is B, the amount 


of light falling in unit time from an area dS of the object on the pupil of 


the eye is 


BdSAp 


a 


where a is the distance of the object from the eye. 


B^SA 


So the illumination of the retinal image of area dS^ is 


If the 


objective of the microscope subtends an angle 26 at the object, then the 


amount of light from an area dS of the object falling on the objective in 

TrBifSsin W. All this light enters the pupil to form a retinal 


image of area where M is the magnifying power of the microscope. 


illumination of this unage 


TrBffS sin 20 


M2ffS 


l 


Hence 


Illumination of Retinal Image with Microscope 

_ r-fT-",.. • _ 1 T 


Illumination of Retinal Image with Naked Eye 


7rfl2sin 20 


ApM2 


Thus the visual brightness of an image seen through a microscope is pro 


portional to sin 20 and inversely proportional to the square of the magnify 

If the objective is immersed in oil of refractive index n. 


ing power. 

can be shown that the visual brightness is proportional to (n sin 0)2, c 


the (Numerical Aperture)2. This is another reason for having short-foci 
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to the same extent for the various aberrations. 


aperture can be made 
icus lens corrected to 


93. THE CAMERA 


Many readers will have their own cameras and may be interested to 
know how the time ot exposure varies with the aperture of the lens. If 

the diameter of the stop in front of the lens is / where / is the focal 

length of the lens r is called tlie stop number. Common values of 
r are 16. 11, 8, 6-3, 4-5. Assuming that the time of exposure needed 
IS inversely proportional to the illumination of the plate, it is possible to 
hnd a relation between the stop number and time of exposure. If the 
camera is pointed at an object of brightness B at a distance a, the illumina- 
tion 1 of the plate at a distance b from the lens is from equation (51) 


I 


krr^d^ 

~4^ 


where d is the diameter of the stop in front of the lens. If the object is 
at a large distance, as is frequently the case, h~f and 


I 


If 


I 


krr^d^ 

Ip 

d:^l 

r 


4r2 


. (55) 


Thus the illumination on the plate is inversely proportional to the square 
of the stop number and the exposure time is directly proportional to 
the square of the stop number. The other variable factor controlling 
the time of exposure is the brightness of the object to be photographed, 
and this is measured by an exposure meter. 

It is interesting to calculate the illumination of the plate in one or 


two cases. 


IOOtt 


photographed, its brightness is 100 candles per sq. ft. from equation (53). 
So the illumination of the plate at a stop number of 11, assuming A=l, 


is given by 


I 


ttX 100 

4x112 


0-65 foot-candles 


while, at a stop number of 4*3, 


I 


TT 


XlOO 


4x4-32 


4-25 foot-candles 


which would reduce the time of exposure to one-seventh of its value at a 
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Wr nf 1 1 Precisely the same type of calculation can be used 
rLdTh^murnlLon on the screen of a projection lantern and some 

'Th^To;^' hi: dtctled S Wer iuusu^ 

;larri 

Lurce of li^ht were introduced, but interest in photometry 
revived in the last twenty years largely by the urgent 

to ^tter methods of measuring luminous intensities and illuminations. 
Hem grealuse is being made of the photo-electric effect, a phenomenon 
which was discovered and investigated in the first place 


IIKI lliV - i t A '¥ 

pursuit of knowledge. These improvements in technique 

Ld to devise means of realising them in practice. So the demands of 
society and industry have stimulated scientific activity a^nd made use ot 
scientific knowledge for the improvement of the working and living 
£’*nnH!tiona of £ill clsisscs of the community* 


EXAMPLES ON CHAPTER IX 

). How would you compare the intensities of two sources °f ^ght ^What 
difficulties arise in practice ? ' 

2. Describe the Lummer-Brodhun photometer, and explain how you would 

use it to compare the candle-pow'ers of two sources ot light. » j* * 

Two lamps of SO candle-power and 9 candle-power are placed at distances 

50 cm. and 30 cm. respectively from a photometer and on the same side 'he 

instrument. At what distance from the photometer must a third lamp o 

candle-power be placed in order that both sides of the photometer may be equally 

illuminated ? The lamps mav be assumed to be on the norrnal to the photornetcr.^^ 

At what distance would the third lamp have to be placed if the line joining it 

to the instrument were inclined at an angle of 60” to the normal . (O. and C .) 

3 Describe, with the necessary theory, an accurate method whereby the 
illuminating pow’ers of two sources of licffit may be compared. Suggest a form of 
apparatus suitable for comparing the reflecting powers of two plane mirrors. ^ ^ 


4. Describe concisely the Lummer-Brodhun photometer and some .orm ot 
flicker photometer, stating the particular advantages in each case. {London Inter.) 

5. Calculate the illumination on the ground midway between two lamp-posts 

100 yds. apart and 15 ft. high, if the lamps are each of 400 candle-power. deBning 
the unit in which illumination is measured. How' would you check your result by 
observation ? {London Jntet ,) 

h. Mention the chief difficulties encountered in comparing the illuminating 
powers of two sources of light, and describe the apparatus and procedure you 
would use in order to obtain a satisfactory value of the ratio. 

The table below gives the percentage of light which is transmitted by glass 
Vdates of varying thicknesses. The relation between the intensity of the incident 
light (lo) and that of the transmitted light (I) is believed to be of the torm 1 = Ip , 
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the value of the const™; ^ ® graphical method to check this 

Percentage transnaitted . . . ' . ,oo sU 67-1 ^2 1% 

f—n die, and ahow the connectioSf;! 

fc^tpedar U !!“*'“ '™P»- 

metal filament ? ^ a carbon and the othef a 

4£?SSr£S«tS ~ 

and (d) ships’ navigation “rghfa.' ^ ’ (•» «■•"' 'amps, (c) hall lamps. 

and^flot bl'acuS.' rnSTio'^itl'T^ walls, :et„;' 

the floor cuts the floor i What would be the anK“nc^?tto *pS? 

illuminabl'o1Tfl;?cSL^'iTrdTsks® Vl?® *'’• “ “"‘d™ 

12. Discuss the development of electric sources of artificial light. 

The bril?ness’’oaL';™^76Vmn°" "i* direction. 

tion at the Mrtb ^ eandles per sq. cm. Calculate the iUumina- 

of "ht suli' fs 433 0(» mikf “f''’ S'™" •*>« radius 

miles, and 10 per cent, of the light is absorbed by the atmospherT 

thJ briIhtnil\'*ofrsi^rrn”nf^^'‘ P®^ Calculate 

diffuse reflector covered with a white paint, which is a perfect 

If you were given a 5(^ candle-power floodlight, how high from the ground 
would you place it to produce the same illumination as the su^ pr ™ces L n^n ? 

15. If the brightness of the sun is 154,000,000 candles per sq. ft., find the average 
thCimoon, assuming that if reflects perfectly diffusely 10 per cent, of the light falling 


16. How would 
illumination ? 


you compare experimentally the intensities of two sources of 


The illumination of full sunlight at noon at the earth’s surface is lOO.OOo"^ lux. 
Ihe lux IS the illumination produced by a standard candle at 1 metre. If the 
moon were a perfectly white sphere, with a perfectly matt surface (i.e. giving no 
specular reflection) what would be the illumination at the earth^s surface at full 
rnoon at midnight . Explain your reasoning in full. (Apparent angular diameter 
of the moon - 15*5 minutes.) ^Camb. SchoL) 

1 7. What is meant by the candle-power of a light source ? 

A small mirror suitably curved is placed so that it projects to infinity an image 

of a small source of uniform brightness (i.e. candle-power per sq. cm. of projected 

area). Calculate the candle-power of the mirror considered as a source. (It will 

be necessary to take into account the divergence of the projected beam due to the 
finite size of the source.) 




Photometry 

A motor car headlarnp has a iTa^^Sheri^^opS^^-watt bulb of 

diameter, of focal length A*'" ^ What is the candle-power of the headlMnp ? 

■sTpei » 5;:’'in‘5d»r.irh?.r 

18. Derive en expression for ‘he^righ^^ of 

20. Whet do you understand by ?”&pUta 

use with electric light and sunlight. , . r ,.u- nf 

21. Find an expression for the ^heTr^ightnSs of^the object as seen 

an object seen ^hrpugh a to discuss tL way in which a telescope 

by the naked eye. of the maximum brightness and show how a tele- 

«« d-TOression for the brightness as seen by the eye of an object 
Jn tSoigh a^'mlcTos"^^ Use your expression to show why a nucroscopic 

objective is a converging lens of very small focal length. 

Prove that the illumination on the plate of a camera is inversely proiwrtio^ 
2i . rro\ e tnat tne lu . r-amera is used to photograph a scene of bnght- 

to ^ ft Find the illumination on the plate if the lens is stopped 

rwnT/zTb andTh^lens aborts 20 per cent, of the light falling on ri. If a doud 
obreurfs the sun and it is found that the lens apermre must be opened up to //4-3 
to use the same exposure as before, what is the brightness of the scene now . 

24. What do you understand by the brightness of an object and of an image . 
On what factors does the brightness of an image depend . , 

Hov dS the exposure required to take a photograph depend “P°" 

and focal length of the lens used . v / 

25 A 500- watt lamp of efficiency 15 lurnens per watt is used for projecting 
lantern slides If the lamp is so far from the condenser that i/io of the light it 
e^its fall^^^^^ condenser, and 10 per cent, of this is transmitted to the screen 
where the picture is 5 ft. X 5 ft., find the illumination on the screen. How would 

you verify your result experimentally ? 

26 Give an account of the optical system of a lantern sui^ble for the pr^ection 
of lantern slides. Illustrate your answer with a diagram (or diagrams) showing 
the oath of a pencil of rays (a) from a point on the source to the screen, (b) from a 
non-axial point on the slide to the screen. Why is it necessary to achromatise the 

projection lens and not the condenser ? • ♦ • i -> rwi i ..e. 

The luminous flux incident on the condenser of a projector is 12,000 lumens, 

and the average illumination of the screen, 17 ft. square, is 5 foot-candles. Deter- 
mine the fraction of the incident light transmitted by the optical system. 

I TV - LJ .T .a . I 


Chapter X 

THEORIES OF LIGHT 


94. THE FACTS 


a 


So far we have considered the theorems which may be deduced from 
the axioms formulated for rays of light and the optical instruments based 
on them and have not concerned oureelves with the nature of light. 
But there is always a body of men of a more reflective nature, who are 
not specially interested in instruments and machines but in the principles 
lying behind and governing natural processes. Such men naturally seek 
an answer to the question : What is light ? The ahswers to this question 
id the experimental evidence bearing on it are called Physical Optics 
lo distinguish it from the preceding Geometrical Optics, but it is not 
strictly correct to separate them into watertight compartments. For we 
shall see that the knowledge of the nature of light has an important 
bearing on the design of optical instruments ; so that the debt which 
pure knowledge owes to industry in that industry stimulated it to erect 
the edifice of Geometrical Optics is repaid by the improvement in optical 
instruments due to the new knowledge of the nature of light (Art. 143). 

We are going to discuss theories of light; that is, answers to the question; 
What is light ? It is well to begin by reminding ourselves of the 
purpose of a scientific theory and the lines along which it should be 
developed. The aim of a theory is to explain the experimental facts, to 
show how they are related to one another and to bring out their sig- 
nificance in a consistent scheme. An admirable example of this function 
of a theory is to be found in the Weber theory of magnetism, which 
explains quite naturally the impossibility of producing an isolated pole 
by supposing that magnetic substances consist of elementary magnets, 
an elementary magnet being the smallest magnet which can exist. In 
an ordinary piece of iron the axes of the magnets are distributed at random 
so that their resultant magnetic moment is zero, but when the iron is 
stroked with the N pole of a magnet all the south poles of the elementary 
magnets are attracted by it and tend to face the end of the iron at which 
the N pole leaves it. Hence the iron is turned into a magnet with a S 

pole at the end at which the N pjole leaves the iron. 
when the alignment is as perfect as can be. The simple tacts ot magneiic 

induction follow quite naturally and the whole theory gives a satisfying 
picture or working thought model of the process of magnetisation as 


Saturation occurs 
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the re-arrangement of something which fe alrrady there, not the win- 

mental facts have been established and arranged m this ^y. th^ show 
how true it is to say that science is just ordered knowledge. But one 
other important thing is expected of a scientific thwry : it 
to a search for new facts ; it must suggest new and fruitful Imea of mvMti- 
gation. It is only in this way that science is raised above the level of 

mere trial and error, where progress is so painfully slow. A ^nt 
:ample of this is seen in the way in which the development of Wave 
Mechanics has stimulated experiments in the artificial disintegration of 
the atom. It is known that an atom consists of a minute positive nucleus, 
some 10-1^ cm. in diameter, surrounded by a distribution of neg^ve 
charge of sufficient magnitude to make the atom electrically neutral. The 
nucleus is the controlling factor in the atom and its mass and electric charge 
determine the atomic weight and atomic number of the atoin respecti\ el> . 
In order to effect permanent disintegration of the atom, it is this nucleus 
which must be changed. Such a change is always going on before our eyes 
in the case of radio-active disintegration, which is accompanied in some 
cases by the emission of electrons and in others by the emission of 
a-particles, which are helium nuclei, whose speeds are such that it would 
require a potential of the order of a million volts to bring them to rest. 
Conversely it would require potentials of the same order to give a-particles 
sufficient speed to penetrate the nucleus against the repulsive force of 
its positive charge and so to disintegrate it. Therefore the late Lord 
Rutherford tried his first experiments on artificial disintegration with 
these a-particles and actually succeeded, but the chance of a direct hit 
with the nucleus is so small that very few atoms were disintegrated. 
It would be possible to produce more disintegration if artificially produced 
high-speed particles were available, since they can be generated in far 
larger numbers than a-particles. But this seemed quite cut of the 
question, since it was not possible to produce the necessary high voltages 
artificially. But when the Wave Mechanics was put forward to explain 
the phenomena which occur inside the atom, one of its consequences 
was that there was a small but finite probability of particles of smaller 
energy than the maximum penetrating the nucleus ; hence it would be 
possible to disintegrate a nucleus with voltages as low as 250,000 if only 
sufficient particles were available. This prediction of the Wave Mech- 
anics was actually acted on by Cockcroft and Walton at Cambridge ; 
they built a plant to speed protons through some 250,000 volts and 
on bombarding lithium with them they produced helium atoms. 
This was the first case of a complete artificial disintegration, in which 
both the projectile and the disintegration itself were produced in the 
laboratory, and it would never have been attempted but for the prediction 
of the Wave Mechanics. In seeking new knowledge, we are like travellers 
in search of treasure in an uncharted land ; we need a signpost to lead 
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us to our goal, and the function of a theory is quite as much to act as that 
signpost as to explain and correlate already known facts. 

There is one further thing about a successful theory. It must contain 
the minimum number of simple postulates and the remaining facts must 
follow by strict logical deduction. It must not be necessary to make a 
fresh assumption as each new fact turns up, firstly because such a state 
of anai^ is intellectually unsatisfying, and secondly because such a theory 
would be quite unable to predict new facts. This is because it is not 
until the fact is discovered that we know what kind of an assumption 
as to be made to make the theory fit it. Assumptions made to fit new 

facts as they turn up are called ad hoc assumptions, and as soon as a theory 
has to resort to many of them, its end is in sight. 

What are the simple fundamental facts about light which have to be 

explained by any theory as to the nature of light ? We shall summarise 

them : 

(^) Light is a form of energy. This is shown by the fact that, if a beam 

of light is spread out into a spectrum by a prism, the various colours 

cause a rise in temperature in a sensitive thermometer (Barton’s Heat, 

Ch. 15), which shows that the light is converted into heat when it falls 

on any body which can absorb it. As heat is a form of energy, then so 
is light. 

(6) Light travels through empty space. 

(c) Light travels in straight lines. We have seen (Art. 2) that the 

evidence for this is not decisive, but there can be only a small departure 
from it. 

{d) The laws of reflection (Art. 3). 

(e) The laws of refraction (Art. 3). 

(/) Simultaneous reflection and refraction. This refers to the fact 
that when a beam of light strikes a natural mirror, such as the surface of 
a pool of water, some is reflected while the rest is refracted. 

(g) Light travels with a velocity of 3x10^0 cm. per second and its 
velocity is independent of colour and the temperature of the source. The 
evidence for this statement is given in the succeeding chapter. 

(k) White light consists of different kinds of light whose refractive 
indices in a given medium vary continuously between two given limits. 
To each given refractive index there corresponds a definite colour. 

These were the main facts which were known and well established 
about the middle of the seventeenth century, when attempts were made 
to answer the question. What is light ? It is true that one or two other 
facts were known, but they do not seem quite so fundamental and were 
not so well established as the ones given above, so we shall reserve 
discussion of them until a little later. The first two facts make it clear 
that there are only two possible types of theory, for there are only two 
possible ways of transmitting energy through empty space. One is by 
a stream of moving material particles, when the energy is transmitted 
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IS the kinetic energy of the particles, and the other is by means of waves. 

Ae first cisr. it is Ae kinetic energy of Ae shell whiA 

light arose : one caUed Ae corpuscular Aeory, which stat» ^ 

the wave Aeory. according to which a source of light sets up 
waves in a medium called the ether which pervades Ae whole of ^ 
universe, in much the same way that a stone sets up circular yPP>“ 
when it falls into a pond . These waves produce Ae sensation of sight 
when they enter the eye. We shall now discuss the explanation of Ae 
above fundamental facts about light by each theory. 


95. THE CORPUS 


Atla 


THEORY 


energy of a beam of light is the kinetic energy of the material 


mass 


corpuscica clllVl , . • . , 1 1^ 

this may well be too small to be detected, smce Aeir high velwity would 
produce an appreciable amount of energy even if Ae mass of each cor- 
puscle were very small . It is quite clear that sUch corpuscles could travel 
through empty space. Indeed there is no difficulty m explainmg this 
property of light, but it is not so easy to see how the corpuscles can travel 
through solids and liquids. Presumably they are so small as to be able 
to pass through the interstices of matter. The rectilinear propagation 
of light follows from Newton’s First Law of Motion, for the force of 
gravity is too small to produce any 
noticeable deviation from straight 
line propagation in the length of a 
room in a particle going at 3 X 
cm. per second. 

The laws of reflection follow at 
once, if the corpuscle suffers a 
perfectly elastic impact with the 
mirror. If the corpuscle is incident 
at an angle i at a velocity c (Fig. 160), the tangential component c sin i 
is unchanged, while the normal component c cos i is exactly reversed in 
magnitude and direction and so the two components add to a velocity f , 
making an angle i with the normal on the opposite side and in the same 
plane as the incident ray and the normal. So both the laws of reflection 
follow from this picture of an elastic impact between the corpuscle 
and the mirror. But we must admit that we have not yet explained why 
such an impact should occur and why it should be perfectly elastic. 
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Refraction is accounted for in the following way. Let us suppose that 
a corpusc.e moving with velocity c„ in a medium such as water is incident 
at an angle at the surface and is refracted into air so that the angle of 
inclination in air is (Fig. 161) and the velocity is c. The ray beni 
away from the norrnal when it enters the air, because the normal com- 
ponent of the velocity is decreased by the attraction of the molecules 
of the water for the corpuscle, while the tangential component is unaltered 
since there is no resultant attraction on the corpuscle due to the water 
m a direction parallel to its surface. We have at once that 


Cic sin 22= c sin jj 

since the tangential component of the velocity is unaltered. 

, sinfi__ c 

SlFl t‘'2 

a constant for the two media, which is Snell’s law. Thus the corpuscular 
theory gives a satisfactory quantitative explanaion of refraction. The 

attraction is molecular rather 
than gravitational, since it 
must start and finish very 
close to the surface to account 
for the sudden bending and 
the gravitational law of inverse 
squares would permit of 
gradual bending. So we must 
postulate a molecular attrac- 
tion, since it ceases at veiy 
small distances, as the facts of 
surface tension show us. We 
notice that this explanation 
of refraction requires the 
•velocity of light in water to he 
greater than that in air. This prediction is a good feature of the theory, for 
it is suggesting fresh experiments and is lending itself to further test. We 
see that the theory gives a suggestive picture of total internal reflection, 
which occurs at such oblique incidence that the normal component of 
the velocity is not big enough to enable the corpuscle to overcome the 
molecular attraction. 

So far it has been a triumph for the corpuscular theory, but what 
about simultaneous reflection and refraction ? W^hy are some of the 
corpuscles reflected and some refracted ? The fact is that we have some 
explanation of refraction, but we have none of reflection ; we have no 
repulsive force to account for the elastic impact. This is not an insuper- 
able difficulty, for in the molecular theory of matter the molecules attract 
one another at ordinary distances but must repel one another at very 
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negative electricity around e nuc discovered. A solution 

a difficulty before the struc ure ° ^ ^ ^ moment we must 

but it 18 natural to suppose tha ® ^ greater force 

But ST. « ocity U found to be the same whatever the “mperaWre of die 

“tisfactory explanation of the colours of the spectrum, which are due to 
different sized corpuscles. 

96. THE WAVE THEORY 

The wave theory asserts that a luminous body sets up wav^ in jn 
.U-perv«ling medium called the ether and that these 
sensation of sight on striking the eye. In science we often proc““ «> 
the first place from the known to the unknown, J** 

for the present by discussing if the two known 

waves and sound waves, obey the same type of laws as light. If they do 
it is reasonable to believe that light may be waves. In other words, for 
the moment, our explanation of a fact about light on the wave ^eory is 

just the existence of a corresponding fact in water waves and sou 

waves. Both of these waves carry energy, and so the first fart is at once 
explained But both water waves and sound require a material medium, 
and so how can light travel through empty space ? It is all very well to 
fill the whole of space with a medium just for the purpose of transmitting 
light waves, but is this' not an ad hoc assumption ? This is a serious 


pomt 


Again, how is rectilinear pro- 
?aves and sound waves spread 
d it is imoossible to cast 


shadows 


and, although the wave is temporarily divided by the obstacle, in a yard 


form 


bears 


reformed 


In the same way, we may get out of the sight of the preacher in a church 
by getting behind a pillar, but we cannot get away from the sound of his 
voice, because the sound waves spread sideways after passing the pillar 
?5nd come to our cars ! The direction in which any small portion ot thv- 
\^avc travels is called a ray and the rays are perpendicular to the wa\es , 
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in each of the above two 
obstacle. 


obstacle. This sideways spreading Vf Z Z 

rays round obstacles, which is so characteristic of both water waves and 

Tm .rT’ u" diffraction. What more striking ZereZ 

ould there be between the behaviour of light and sound in the above ex- 
ample, the one exhibiting diffraction, the other travelling in straight lines ? 
And was it not this striking contrast between sound and light which made 
Nevs^on think : ‘ I know sound is waves, how then can light be waves if it 


■ s ■ . laimatLiun r Newton telt that 

this matter of rectilinear propagation was the essential fact about light 

the one fact which was the real key to its nature and it was this which 

made him reject the wave theory in favour of the corpukular theory 

So far there seems to be little to be said for the wave theory, but it 

gives quite a natural explanation of reflection and refraction. It is possible 

trk Ctlirixr o**^.*^^ 1 1 • .* ^ 


/ I.X1V114 aituiciuiiy in a rippie-tank, 

which IS a rectangular trough with a glass bottom filled with water to a 

suitable depth. The waves are seen by casting an image of the water 



Fig. 162. 


surface, which is suitably illuminated, on to a screen. If straight waves 
(Fig. 162) are produced by making a strip of metal about 3 in. long 
vibrate up and down in the water surface, they can be reflected from a 
straight piece of wood. It can be seen that the reflected waves make 
about the same angle with the mirror as the incident ones. The rays 
are perpendicular to the wave fronts and so this verifies roughly the law 
of reflection. We should notice that the wave theory has given no reason 
why light should be reflected ; it just contents itself with saying, for the 
moment, that water waves can be reflected by suitable surfaces and, 
when they are, they obey the same laws as light. It is also known that 
a wave from a point source of sound is reflected by a plane surface so 
as to produce a point image as far behind the surface as the source is in 
front, which is precisely the same as is found with a point sPurce of 
light and a plane mirror. Hence if light is waves, from what we know of 
water and sound waves, it would obey the observed laws of reflection. 
Refraction is quite a well-known phenomenon in water waves and 


sound. 


tank 


incident obliquely on the line of separation between deep and shallow 


Theories of Light 


233 


water in the tank, the waves wh^l roun^^ s ^ 

fact that they «vcl more slowly m of tL rays as they 

Sr “r dJ? rr^i— ar.d .s ^ 

“SI XlSnon rcr l^SnT ‘’sLd travels bette; with the wirtd 



.Han against it. b-- ^he 'vin<. .^“d " tf^e 

the ground than dose to n. The vdoc^ ot th^^^ ^ 

wheel down towards the ground 
in the direction of the wind and 
wheel upwards from the ground 
against the wind. Therefore the 
sound rays curve down towards 
the ground with the wind so that 
the sound is abnormally loud, 
whereas they curve upwards away 
from the ground against the wind 
so that the sound is abnormally 

Refraction, then, is a 


faint. 


rays) 


(and 



Water 


Fig. 164. 


one end travelling at a differ - 
ent velocity from the other 

since the properties of the „ . , ^ 

medium vary along the length of the wave. Precisely the same 

explanation can apply to the refraction of light, remembering that 
the waves are normal to the rays. The bending of the rays towards the 
normal when light passes from air to a dense medium such as water is 
due to the waves wheeling round so as to be more nearly parallel to the 
refracting surface (Fig. 164). It is clear that this involves light travelling 
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then lightlra'veb a ^Tancf BD in 

If c and c. are the velocities of light in air and water rlpectitel! 


BD 

AE""AE 

AD 


sin 2 1 
sin 22 


. sin 2j 


e # 


sm 22 


a constant for two given media, which is Snell’s law. The wave theory 

fn w jr «g''‘ sl’ouU travel more slowty 

m water than m air, but merely asserts that this must be so to explain 

r/‘t'h”T‘’ <^'S 3 gte«ment in the interpretation of refrartion 

by the two theories suggests that attempts should be made to measure 

tfte velocity of light in air and w'ater, so as to help to decide between the 

two theones. 


Can the wave theory offer any explanation of simultaneous reflection 
and refraction . It can, in the sense that it is well known in sound and 
the reason for it is understood. If a sound wave travels along a cylindrical 
column of air, of which one end is closed and the other open, the wave 
will be reflected at the open end. In this way stationary waves are set 
up in tlie pipe and account for the well-known relation between its length 
and frequency and also for the set of overtones accompanying the funda- 
mental. If the wave approaching the open end is a compression, it is 
refected as a rarefaction, simply because the pressure must remain con- 
stant at the open end. In practice, however, this condition is not strictly 
iulfilled, and the node of pressure variation is a little above the end of 
the pipe and some of the sound is reflected back into the pipe and some 
is transmitted into the surrounding air. It is just as well that this is so 
from the point of view of the organist, since it would not be very enter- 
taining to produce vibrations of the air inside the organ pipes if none of 
the vibrations was transmitted to the ears of the audience ! Presumably 
there is a similar explanation of reflection in the case of light and so simul- 
taneous reflection and refraction is quite possible. 

As in the corpuscular theory, we should not expect to be able to account 
for the precise value of the velocity of light, hut it is natural to 
expect the velocity to be independent of the temperature of the source, 
since the velocity of waves is settled entirely by the properties of the 
medium. Finally the wave theory accounts for the different colours into 
which white light can be split by a prism by asserting that each colour 
has a different frequency. This amounts to saying that the wave-lengths 
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of different colours in the s^e ““f 

v^^it goes from medium to medium, as is clear fror 
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summing 


u- u iust discovered about the time mat tnc 

three phenomena which were j d 

theories were put foiwd ^.^..ion has been attempted 

definitely established w the fa ^ ^on’s rings, Grimaldi’s expen- 

above. The three phenomen ^ nhservation of double refraction, 

ments on shadows, and art o mus describe the observations 

precisely as he made thern but - ^ "I;:! Ught, such as 

^“h th^ poi^nt of contact Jtl 

Sl-Sn-X - - ra-. 

dark rings occur, are in the ratio of 0, 2, , . , 

light reflected from both ‘^e ^ont and^back^surfare. JP,^ 

this contention by 3 ,i„g the reflection from the back 

surflce C Nekton took the view that all Hooke had shown was that 
reflection from the ,hfpp^«Tul« of the 

air film. Newton felt that this recurrence of darkness at regularly increa - 

^g thicknesses of the film suggested that fight was of a periodic nature 

and a periodic nature suggests waves. How is this to be reconciled w 

a corpuscular theory ? The picture of gravitation of those days also 

filled the whole of space with a medium called the ethe^ which was 

densest in space and least dense in the presence of matter This accounted 
^ > tn oci tn niarps nt minimum 


The 


for cravity oecausc msiiici vtixo — o x 

ether density, that is, to places occupied by other pieces of matter, 
reflection of a rav of light in water when it strikes the surface separating 
the water from the air (Fig. 161) occurs because the corpuscle is reflected 
when it encounters ether more dense than that, in which it is travelling. 
When the corpuscles strike the upper face of the air film between the 
lens and plate used to form Newton’s rings, this produces waves in the 
ether very much as a stone striking the surface of a pond produces ripples 
on the surface. These ether waves, which are regions of varying ether 
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it, and then intoa m tTrlflTcln 

L r rr 

tCfilm eon irSI^BD^T "t 

Tf th. . ^1 ’ consider the t h;,-l.n. ,. n 

Het? r "" -^ich is ; disUnL D bfow it 

Ais surface too. Hence no light is reflected from that part of the fita 
1C IS of thickness D, so that a dark ring of appropriate radius is formed 
The same argument applies to the other dark ringl there being X„f 

is rD The *"‘"T thickness 

=;n/o’ j Dtight rings in between occur at thicknesses of D/2, 3D/2 

th. fil “"h corpuscle penetrating the upper surface of 

^ f transmission reaches thflower surface 

, reflection and so is returned to the upper surface again and 
reaches it in a fit of transmission and so emerges and enters Ae eye. 
Mev«on s nngs do suggest veiy- strongly that light has a periodic nature, 
and Newton w^ scientific enough to see this and to frame his explanation 
accordingly. But the corpuscle is introduced because it is so difficult 
to see how light can be waves in view of rectilinear propagation. He 
actually recorded that the distance between two fits of transmission is 
greater for red than for blue light and that the distance for yellow light 


IS 


1 

89,000 


of an inch or 2-86 x lO'^ cm. 


.It IS now possible to suggest some explanation of simultaneous reflec- 
tion and refraction. For the corpuscles will usually be accompanied 
by the ether waves going at a greater speed than themselves. If the 
particle in air strikes the surface of a medium such as water when it is 
surrounded by ether of low density that ether may be even less dense 
than the ether in the water and so reflection will occur, since the corpuscle 
IS attracted to the place of minimum ether density. If, on the other hand, 
it is sui rounded by ether of large density, its density will be greater 
than that of the ether in the water and so transmission will occur. 

Grimaldi was the first person to make experiments on shadows using 
small sources of light and performing actual measurements. His source 
was a tiny aperture in a blind through which sunlight passed into a dark 
room and he found that the actual shadow of a small obstacle was larger 
than the geometrical shadow. This must be a hard experiment to do, 
as it is difficult to tell exactly where the shadow ends, and using a motor 
car headlight with a line filament end-on and working at distances of 
20 cm. or so between the source and obstacle and obstacle and screen, 

I have found that the shadow -is smaller than the geometrical shadow. 
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Grimaldi 


together 


edg. of the shadow ouJ«de tn^ S dark and 

they were from the sWow He ^ notic :r ^ experiments 


bright bands inside the shadow. Newton 
and confirmed the first two sets of observat 

ana connrm , , these observations to oe rcgarvxc^ -- 

facts ? Is the evidence sound enough And 1 so do ^ey 1 


really 


If we accept the 


I a Uttle llr^r thL the geometrical 
“^enl a oTstfrU so that corpusc^s 

ttethe"^ ttstakt; Tid'owttt la^lr' th"n ^h: geompriLl 


* - Wrshall not describe the precise facts of double refraction discovered 
by Bartholinus, but some rather simpler ones discovered later of "'•“ch th 
interpretation is the same. If a ray of light is sent normally on to a crystal 
of calcitc, it is split into two rays by the refraction, one obeying the 
ordinary laws of refraction and the other behaving in a different way. 
If either of these rays is sent through a suitable instrument, such as a 
Nicol prism (Art. 154), it is found that, if the Nicol prism is rotated about 
the ray as axis, twice in a revolution the intensity of the emerged ray is 
zero and at two other intermediate positions it is a maximum. The ray 
is “ one-sided,” to use Newton’s term. This last piece of evidence 
seems to favour the corpuscular theory, for it is known that sound waves 
are longitudinal and exhibit no such one-sidedness. And must not any 
waves in a medium filling the whole of space be the same ? It is true 
that water waves are one-sided, but they occur only in two dimensions 
and cannot be used to explain the above fact about light. This one- 
sidedness of light or its polarisation, to use the modern term, is ex- 
plained on the corpuscular theory by having oblong corpuscles and 
regarding the Nicol prism as a kind of slot, which only passes the cor- 
puscles when their length is parallel to the slot. 


98. SUMMING UP AND SUGGESTIONS FOR FURTHER 

EXPERIMENTS 

Wc may now sum up the position of the two theories in the light of 
the^ evidence which we have so far obtained and see in what way we can 
hope to dec ide between them. The corpuscular theory explains success- 
fully why light travels through empty space, and the facts of rectilinear 
propagation, reflection, refraction and colour. It has no explanation of 
the iiulepc ndence of the velocity of light of the temperature of the source, 
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nature. Yet again how can light be waves if it "s one^“dld ' 
a wafe Iti^j: which also seems 'to rule ow 

ZlZTl'^ bei^g rdepeldtr^f thl Um! 

light can travel believe m its explanation of why 

the’^vT *^/,y®"""bable properties which it must hLe to explain 

■vithout experiencing any resisting force .? The velocity of longitudinal 

waves in a medium is and to obtain a value of 3x10*0 cm. 

per .sec. tAe elasticity of the ether must be many times greater than that 'of 
ee and its density many times less than that of the best vacuum we cm 

be negligible-^ to account for tl^ fe« 
h.,t the planets show no signs of slowing down in their motion through 

1 round t^he sun Finally, when Michelson and Morley attempted to 

measure the^veloc.ty of the earth through the ether in 1888 they receted 

Can we believe in this elusive medium, 

whose properties are so bizarre and which is of such a retiring disposition 
-hat It 1 uns away whenever we try to make measurements on it ? This is 
certainly a difficulty in the way of accepting the wave theory. And then 
what of rectilinear propagation ? Are the experiments of Grimaldi 
really evidence that rectilinear propagation is only an approximation to 
he truth and are the bright bands inside the shadow evidence of light 

V . .t • I • 1 ' rr • obstacle . It may be that they are, 

but there is a big difference between these bands and the sweeping round 

t e corners of obstacles, which occurs with water waves and sound waves. 

t is clear that neither theory is wholly satisfactory and that each 

suggests further experiments, which may provide the additional evidence 

needed to decide between them. The present evidence is clearly unable 

to do this. Our next steps are quite clear. First we must learn to 

rneasure the velocity of light by laboratory methods so as to settle whether 

light travels more slowly in air than in water or the other way round. 

Secondly, we must investigate the properties of waves carefully and place 

them on a sound theoretical foundation to get an exact mathematical 

explanation of reflection and refraction. We may then be able to find 

some explanation of Newton’s rings on the wave theory and we may also 

be led to set up further experiments to illustrate the undulato/y character 


.L 0 

the answer or anything ! 
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of Ught. Thirdly, we mu»t 


wave 


shall deal with these problems 


succeeding chapters 


V 


examples on chapter X 

1. S»« the fundamcnttl facts about light and discuss their explanation on 
the corpuscular theory and the wave t eory. law 

'w^l? you r^SSl aTs fact a, faS to the wave th«,ry > If not. what would you 
7n to <h> in order to eatabliah the wave theory agam ? 

4. Write a short essay on the nature of light. C 


Chapter XI 

THE VELOCITY OF LIGHT 

99. GALILEO’S ATTEMPT 

^ important to be able to measure the velocity 

of light by a laboratory method in order to decide if light travels the more 

slowly m air or water, but there is also an intrinsic interest in the velocity 
of light itseh. It IS obvious that light travels very fast, but is its pr^ 
pagation infinite or does it travel with a finite velocity ? Kepler and 
Descartes held the former view, but Francis Bacon and Galileo supported 
^e latter, and Galileo was the first person to try to settle the question. 
He stationed two observers, A and B, a few miles apart, each provided 
With a lamp covered with a shutter. A uncovered his lamp at the 
same time starting a clock. As soon as B saw the light of A’s lamp he 
un^vered his lamp and A stopped the clock as soon as he saw the light 
ot B s lamp. The time recorded on the clock is the time taken for light 
to travel from A to B and back again together with the time taken by B 
to answer his lamp after seeing the light of the other lamp and the time 
taken by A to stop the clock after seeing the light of B’s lamp. The total 
time taken by A and B to perform these operations is found by repeating 
the experiment with A and B close together so that the time taken by the 
light in going from A to B and back is negligible. It was found the total 
time recorded on the clock was the same whether A and B were close 
together or several miles apart. In other words, the time taken by light 
to go from A to B and back when they were several miles apart was zero ! 
It is interesting to notice Galileo’s conclusion. It was not that the 
\ elocity of light was infinite, but that it was too great to be measured by this 
method. It is true that the method is somewhat crude judged bv present- 
day standards, but it was probably the best that could have been devised 
with the very simple apparatus available in Galileo’s time, and we shall 
see that it embodied the essential principles of the succeeding methods. 


• • 


100. ROMER’S ASTRONOMICAL METHOD 

We have already seen (Art. 66) that Galileo was one of the first persons 
in Europe to make a telescope, and one of the first things he did with it 
was to point it at the planet Jupiter, and to his delight he found that it 
was surrounded by four moons, which were describing orbits round 
Jupiter in very much the same way that our moon describes an orbit 
round the earth once in 27^ days. He was delighted because this observa- 
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tion 18 in some sense a confirmation of the Coperm^ theory of 

bdiind Jupiter, showing that their orbiu were m the same plane as ^ 
orbit of Jupiter round the sun. It was natural to try to find ihe 
ny each of these moons to go once round Jupiter and m mal^ 
tions of this sort between 1672 and 1675 Rbmer noticed a rather 
ing effect. Let us suppose that he was makmg observanons when the 
ssolvi aoH Tiiniter were at their least distance apart, or in conjun^on, 
as at t, ana j, trig. 10a; and that he %as observing the rotation of one 
of the moons and found that it disappeared at 9.0 a. m. and again at 9.0 p.m. 
On repeating these observations, he found that the time at which e 
saw the moon disappear did not remain 9.0 a.m. or 9.0 p.m., but 
slowly yet systematically got later and later each time, until 0-545 o a 
year later, when the earth and Jupiter were at their greatest distance 

apart, or in opposition, as at E2 and J2, 
the moon disappeared some 16 minutes 
after 9.0 a.m. Continuing his observa- 
tions, he found that in the next 0-545 
year as the earth approached Jupiter 
again, the moon disappeared earlier than 
9- 16 a.m. and that its disappearance 
became earlier each day until when the 
earth and Jupiter were at E3 and J3 in 

the 


once more 


conjunction 

disappeared at 9.0 a.m. again. 

the interpretation of this regular 


moon 

What 



Fig. 165. 


IS me interpretation 
variation in the time of the disappear- 
ance of the moon, or in the observed period of its rotation about Jupiter ? 

It can be readily explained if we assume that light travels with a finite 
velocity. If this is so, then 9.0 a.m. is not the actual time at which the moon 
disappears for the conjunction EJi, but it is the time at which the light 
signal from the moon recording the disappearance reaches the earth. 
Our news of the disappearance is late by the time light takes to travel 
the distance EjJj. It is now clear that as the earth recedes from Jupiter, 
the light signal has to travel further each day in order to deliver its message, 
and so the time at which it arrives gets later and later each day. It will 
be latest at an opposition when the earth and Jupiter are at the maximum 
distance apart, and the fact that it arrives about 16 min. later at an opposi- 
tion than at a conjunction means that light takes this time to travel the 
distance E 2 J 2 -EjJi, which is the diameter of the earth’s orbit round the sun. 

But we can now' see that the above value of 12 hours for the period of 
the moon is not quite correct, as the earth will recede a small distance 
from Jupiter between the two disappearances, so that the above time of 
16 min. is not quite the correct value of the time light takes to travel a 
diameter of the earth’s orbit. We can calculate the true value in this way. 

lb 
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xo wi^acivcu LO maKe n revolutions between a conjunction 
and an opposition and t is the true periodic time, D is the diameter of 
the earth s orbit round the sun and r the velocity of light, then the observed 

time of the n disappearances is H — . In the same way the observed 


time between the n revolutions occurring between an opposition and a 
conjunction is nt These two times are measured and the difference 


between them is — and the most accurate value so far obtained is 

32 min. 52 sec. So light takes 16 min. 26 sec. to travel once across a 

diameter of the earth’s orbit, which is about 186,000,000 miles long. 

Thus the velocity of light is approximately 1 86,000 miles per sec. It is clear 

that the accuracy of this method depends not only on how accurately 

the above time can be determined, but also on the accuracy with which 

the diameter of the earth’s orbit round the sun is known. Originally the 

above time and the diameter of the earth’s orbit were used to find the 

velocity of light, but now the time and the velocity of light found by a 

terrestrial method are used to calculate the diameter of the earth’s orbit. 

This important quantity is the astronomer’s yard-stick, since it is used 

to measure the distances of the fixed stars and it is essential to know it 
as accurately as possible. 


101. THE ABERRATION METHOD 

If light travels with a finite velocity, it can be shown that the direction 
of a star as seen from the earth will be different according as the earth 


Light from star 



Fig. 166., 

is moving directly towards the star or at a finite angle to the line joining 
the earth to the star. If the earth is moving directly towards the star, 
then it is evident that the optic axis of the telescope must be pointed in 
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the true direction of the star if the image of the st^ U to “ " 
section of the cross- wires of 


axis 

true 


which the earth 


aireciion is on, wucic. — , . a ^ ad 

the telescope, travels in the time m which light travels AB. 

* - • A m/wfnrr tt\ t’n#* liin 


Thus if 
direction AB, 


will 


DV me umc 11 icat^nca t.asv- ^ a 

D to B, so that the ray will appear to an observer on the e^ to have 

entered and emerged from the centre of the telescope and 
of the star will fall on the intersection of the cross-wires. The star- 
wUl appear to be in the direction DA, an angle <l> m front of its true 
direction. This angle is called the aberration of the star, and from the 

triangle ABD we have 

DB _ AB 

sin <f> sin 6 

• JL 'n 

A sin<^=— sin0 

^=- sin 9 

c 

where v is the velocity of the earth and c the velocity of light and sin \s 
written as <f>, since <f> is always a few seconds of arc. The aberration is 

a maximum when the angle between 
the direction of motion of the earth and 
the ' apparent direction of the star is 
90° and zero when this angle is zero. 

Therefore if a star is in the same plane 
as the earth’s orbit round the sun, it 
appears to an observer on the earth to 
describe a small straight line in the 
heavens once in each year (Fig. 167), 
being in its true direction at the two 
positions Ej and E 3 when the earth is 
approaching or receding directly from it 
and being furthest from its true direction 
at the two intermediate positions E 2 
and E 4 when the earth is moving at right 
angles to its apparent direction. If the 
star is in a direction normal to the plane 
of the earth’s orbit, it appears to describe 


Apparent 
<firection ^ 
0/ star 


True 

direction 
of star 


True 

direction 
of star 


True 

direction 
of star 



Fig. 167. 


•• A A 

a circle whose diameter subtends the same angle at the earth as the length 
of the line in the previous case. The value of this angle is 
in an intermediate position describe an ellipse. 


2v 


c 


Stars 
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F ^ ^ 


first 


that 


k 


an orbit round the sun. If this is the 


system and tku tHa 


the 


and fro against the background of the more distant 


same way that near objects move to and fro against the 


background of the distant hills to a child on a swing. This motion k 


pcudiiax ana me motion ot the near object is in the opposite direction 
to that of the observer. It was the absence nf this narallov which led the 


Copernicus 


strongly that 


fact 


earth 


amount of the parallax is very small. When Bradley started 


to look for parallax, using a telescope, he was surprised and puzzled when 


- w X/ jr — wuw 

he tound, not a motion of the star in the opposite direction to that of the 


earth but in the same direction ! On further investigation, he found 

4- ^ 4 . l_ •_ 1 ^ ^ 


that the maximum angle of displacement of the star from its mean position 


w as tlie same for all stars, and this suggested that the effect was due to 

^ L<^ A ^ ^ ^ ^ m ^ ^ 


the motion of the earth alone. He then hit on the above explanation and 


^ ^^I^ACsascsvswsi OIIU 

saw that his observation could be used to measure the velocity of light. 


I he best value of the maximum value of the angle of aberration so far 


obtained is 20-4 sec., and from this we have 


20-4x77 


3600x180 


1 aking the velocity of the earth in its orbit round the sun as 18*5 miles 
per sec., we have c= 187,000 miles per sec.. It will be seen that this method 
al^o involves a knowledge of the diameter of the earth’s orbit round the 
sun, and it is now’ used to calculate this diameter rather than to find the 

\ elocity of light. 


102. FIZEAU’S TOOTHED-WHEEL METHOD 

It is clear that we need to devise terrestrial methods if we are ever 
to find the velocity of light in water and to be independent of a knowle<4(e 

M 


Fig. 168. 

of the earth’s distance from the sun. Is it possible to improve on Galileo's 
attempt in the light of modern technique so as to get a p<Mitive result 
from it ? It is clear that the first thing is to replace the observer B (Art. 99) 
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bv a mirror, and we must have at the sending end some meclnuusm capable 
of measuring a time interval of 1 /20,000 sec., which is the toe taken 
by light to travel some 10 miles from the ^vc values of the veloaty 
of liSit In 1849 Fizeau described a way of doing this. The prmciple 
of Ws method is shown in Fig. 168. A source of Ught S sends a ray 
of light on to a glass plate P, from which some is reflected to ^ 

M about 5 miles away, passing through one of tlw spai^ of a tothed 

wheel W on the way. The ray of Ught is reflected by M ba^ 
the toothed wheel W and the glass plate P to the eye at E. If the 
wheel is rotated so fast that one space is succeeded by the next tooth m 
the time the light takes to travel from W to M and back, it is clear that 
the observer at E will not see an image of the source S. If the number 
of teeth of the wheel and its rate of revolution are known, it is clear 

that the velocity of light can be calculated. 

In practice it is useless to work with a single ray of light, as the hnal 

image would be too faint, and a beam of Ught must be used, the 

onnarafna heifip arrans^ed as shown in Fig. 169. The rays from the 



Fig. 169. 


source of light S, an arc lamp, are focussed by the lens Li and reflected 
by the glass plate P so as to come to a point at one of the spaces of the 
toothed wheel W. The light diverges to the lens L2, which makes it 
parallel, after which it proceeds to the lens L3 some 5 miles away. It 
is brought to a focus by this lens at the surface of a concave mirror C, 
whose centre of curvature coincides with the centre of the lens L3. This 


adjustment is most important, since it ensures that the central ray of the 
beam retraces its incident path after reflection and so it and the whole 
beam strike the lens L2 on the return journey. The reason for this is 
as follows. The central ray passes through the centre of the lens L3, 


mirror 


the mirror normally and retraces its path to the centre of the lens L3, 
through which it passes undeviated. After that it retraces its incident 
path to the lens L2. Since the beam as a whole is brought to a focus 
at the surface of the mirror, this changes the point image to a point object 
in the focal plane of the lens L3. Since this point object coincides with 
the Doint imape of the incident beam, the reflected beam on emerging 
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and 


on L 3 from L 2 and so this reflected beam will strike the lens L 2 once more 
It is brought to a focus at one of the spaces of the toothed wheel again 
and passes through the glass plate P and on to an eyepiece L4, through 
which an image of the source is viewed by the eye at E. 

If the wheel is rotated slowly, an image of the source is seen inter- 
mittently, but this becomes a steady image when more than sixteen spaces 
pass the beam of light every second owing to the persistence of vision. 
But if the speed of rotation of the wheel is increased until one space is 
succeeded by the next tooth in the time the light takes to travel from 


W 


If the 


speed of the wheel is doubled, the image will be at its greatest brightness 
again, since the light which gets through one space on its way out to C 
will get through the next space on its way back to the eye. If the speed 
of rotation of the wheel is increased to three times its value at the first 
disappearance, the second disappearance will occur when the light 
passing through one space on the outward journey is stopped by the next 
tooth but one on the return journey. In this way, many appearances and 
disappearances can be observed. 

In an actual experiment the apparatus is set up and the speed of rotation 
of the wheel is adjusted until the disappearance occurs. It is evidently 
possible to adjust the wheel more accurately for a disappearance than for 
a maximum brightness, since it is easier to distinguish between illumina- 
tions of 0 and 1 than of 99 and 100. The number of revolutions n of the 
wheel per second is then measured, and the distance d from the toothed 
wheel to the concave mirror and the number of teeth N of the wheel are 
known. Then light travels a distance 2d in the time one space is suc- 


beam of light. Thus light travels a distance 2d in 
velocity of light c is given by 

nN 


nN 


secs. So the 




2 r-l 


In one of Fizeau's experiments d was 8*6 Km., N was 720. It is interest- 
ing to calculate the value of n for the first disappearance, assuming c to 

1 . per sec. It works out at 12*1 revs, per sec., quite a 


000 


possible value. 


actually 


How is it 


possible to make the parallel beam from L 2 fall on the lens L 3 5 miles 


away 


W 
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concave mirror is similarly replac^ by “this 

pUced on the side of L3 
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an astronomical telescope 


appsratus 


are 


nSraway and r» moved about until the lens L, «td the 

milra awayana^ _ ..ntU the cross-wires replacmg W 

optical axis of Ls is in the same 
cuu.^ - -T’ T “The cross-wires are removed and the wheel 

rf;. «dl%il^stro\^^^^ end of the apparatus, w^ 

Placed p ^ ^ ^„tre of cunmturo 


with the centre of the lens L3, when the apparatus 


use 


The apparatus has been improved by later workers, notably ^rnu 
and Young and Forbes. It is evident that, at a disappearance so 
the light strikes the teeth on its outward journey and is reflected straig 

back !nto the eyepiece. As this happens many 

duces a faint uniform illumination, which makes it <™cult to decide 
exactly when the image has disappeared. This is avoided by 

middle through which light can pass to the eye at E. It is also P^sible 
to change the speed of rotation of the wheel by a finite amount while 
the image remains absent and so it is difficult to find the speed 
the returning light is stopped by the middle of a tooth. This difficulty 
was avoided by measuring the speed of rotation of the 'wheel for equal 
brightness of the image just before and just after a disappearance and 
taking the mean of these speeds as that required to produce an exact 
disappearance. Finally the distance d was increased to 29 miles. 


103. FOUCAULT’S ROTATING MIRROR METHOD 

Fizeau’s method cannot be used to measure the velocity of light in 
water, since a column of water some 5 miles long would absorb the 
light completely, but Foucault finally measured the velocity of light 



by a method which could be used to find that in water. The principle 
of his method is illustrated in Fig. 170, in which only the central ray 
of the beam is shown for simplicity. Light from a source S passes 
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through a glass plate P and a lens L on to a plane mirror R, which reflects 
It on to a concave mirror C. Since the centre of curvature O of the mirror 
C comcides with the axis of rotation of the rotating mirror R, the rav 
strikes the mirror normally and so retraces its oath rivht hart fr 


form an image 


will 


time 


final image 


2a 


If the deflection of the 


can 


time taken 


velocity of light. 


can 


shown 


mirror C. 


forms a real image 


reflects 


M 


/ 


M 



Fig. 171 


appears to diverge from M and the lens L and plate P form a real image 
of M at I, which is observed with a micrometer eyepiece. Since the 
centre of curvature of the concave mirror and the axis of rotation of the 
rotating mirror coincides, the central ray of the pencil always strikes 
the concave mirror normally and retraces its path, so the image M from 
which rays appear to come after the second reflection from the rotating 
mirror is always in the same place. Therefore the position of the final 
image I is independent of the position of the rotating mirror always provided 
that it sends some light on to the concave mirror. When the mirror is 
rotated slowly, the image is not drawn out into a band, but remains fixed 
in position, but when the mirror is speeded up so that it rotates through 
a finite angle a while light travels from R to C and back, the image M 
is displaced to M' and I to 1', the angle MOM' being 2a. 

In an actual experiment the micrometer eyepiece is adjusted so that 
the image I falls on the intersection of the cross-wires and the mirror 
R is rotated at a constant rate. The eyepiece is then adjusted so that the 
displaced image V falls on the centre of the cross- wires and the deflec- 
tion t of the image is measured. The distance d from the rotating to the 
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i. known and the number o£ 


travels a distance 2d in the tune 


in one second are measured. Light 
mirror takea to route through an angle a, which la — 

of light c is given by 


So the velocity 


A^rnd 

OL 


- (56) 


be calculated from the defle^on of the h^ge the dUmces 


and S respective 


a=:iZMOM'=i 


MM' 


d 


MM' SS' 


Also 


a-\-d 


b 


oL—\ 


{a+d)SS' 
bd 


But 


SS'=II' = i 


a 






db 


have 


^rrfibd^ 

{a-\-d)t 

experiment d was 20 metres^ and 


(57) 


In Foucault s expcrmicnu C ^ - Takina b as 

fLtre a+d as 21 metres, and c as 3xl0« metres per sec. we get n 
to be 438 rivs. per sec., which it is quite possible to produce and maintain 

“Foucault's method is admirably adapted to seeing if the velocity of 
light is greater in air than in water, for it is only necessary to insert a 
tifbe of water between the routing and concave mirrou and see if the 
deflection increases or gets less. Foucault did this and found *at ‘he 
deflection increases and later Michelson made actual measuremenU of 
the deflection and showed that the ratio of the velocity of light in air 
to that in water is 1-33. Therefore light travels more dowly in water than 
in air which agrees with the wave theory (Art. 96). Does this mean that 

the corpuscular theory is disproved ? We n....t,nn 

at the beginning of the next chapter. 

104. IMPROVEMENTS OF FOUCAULT’S METHOD 

Returning now to the accurate determination of the velocity of light 
in air, we see that Foucault’s method is not capable of great accuracy 
since the deflection of the image is only 0-7 mm. Foucault made this 
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but rir', ^ “ Po^^ible by using ss his source a 4now slit 

the source S to the lens L and also the distance d. But an1n“n 
decreases the Onghtness of the image I', since light only goes to 

this image for that fraction of a revolution of 
the rotating mirror, during which the beam 
irom it IS striking the concave mirror and this 
fraction decreases as the distance d increases 
It should be emphasised that this brightness of 
the image T is a serious matter, since it is seen 
against a background of steady illumination 
produced by the light reflected directly from the 
rotating mirror into the lens L and to the eye- 
piece. How can the brightness of the image be 
kept constant while increasing the distance d } 
Michelson saw that it could be done by placing 
the lens L between the rotating mirror and 
concave mirror and making it of such a long 
focal length that the image of S still came at 
the surface of the concave mirror (Fig. 172). 

Sj and S 2 are the images of S formed by the 
rotating mirror in the positions Rj and R 2 
respectively, the extreme positions in which 
the rotating mirror sends light on to the concave ' 

niirror. As the rotating mirror describes one 
revolution, the image of S in it describes a circle centre O radius Cj 

and while it describes the arc of length S 1 S 2 , it is .contributing light to 
form the image T. If 8^82 is kept constant for a given diameter CiC 2 of 
the concave mirror, the brightness of the image will remain the same. Now 



Fig. 172. 


CiC 


b 


So SjS 2 can be kept constant for a given value of aj by increasing 

and b in such proportions as to keep ^ the same. This can be done 

b 

by increasing the focal len^h of the lens L so that the above ratio remains 
the same while the total distance from the image to the object increases. 
In this way Michelson was able to increase the distance d to 70^ metres 
and obtain a deflection of the image of 133 mm.. The brightness of the 
image can be still further increased by using a four-sided mirror instead 
of a mirror silvered oh one face only, and this improvement was first 
introduced by Newcomb. To avoid an equal increase in the brightness 
of the background a long rotating mirror was used, atid arrangements 
were made so that the light was incident on its lower half and was finally 


light 

eyepiece 
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Bd off the upper half back into the n^romettr e 
!efl^ted di^ctly from the rotaung muror 
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Therefore 


NULL 


Newcomb. 


measuring the velocity of light which has 
;‘c an ^tension of the four-sided mirror method of 

'^e'u known that it is possible in aU 

.r^nnratelv that a given quantity is zero than 


itp 


For this reason m^y ^ne ^TrnXT adjlis:;;^^^^ until 

d,e TpZd throne face !Ltly succeeds 

mirror should be ^ ^ rotatine mirror to the concave 


image 


Assum 


mirror aiiu uui-iv, - mnn n^r sec light can suu 

mg that the --ror ^ I taking the 

23 ‘^i f Michelson started in 1924 to try to realise Newcomb s ^gge^ 

Antonio in California. 




The apparatus which he used is represented diagrammatically in Fig. 
173. Lieht from the source S strikes the lower part of the face A 01 1 e 
rotating mirror and is reflected from mirrors M, and Mj on to the concave 
mirror C, from which it travels to the distant station at Mount San Antomo 
striking the mirror Cj and being brought to a focus at the surface of another 
concave mirror C,. Exactly as in Fizeau’s experiment, it retraces its 
path and is reflected from the mirror M'j. which is at right angles to 
and above M .. It then passes to M’l, wliich reflects it to the upper part 
of the face A' of the rotating mirror to form a final image at^ S , which 
is observed through a micrometer eyepiece. The return ray i-s reflected 
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prevent scanned TgH 

Th? r 1::“^ 'i ^ht fotr 

next while the light travels fr6m A to the exactly succeeds the 

This distance was measured to 1 in 7,000,000 and the speed of mtlt' * 

mirror was 45 in the case of the eight-sided mirror to 1 in 1 000 0(» 

journey, c= 1 6 for an eight-sidenirmr. 

Michelson Pease, and Pearson started in 1930 to improve on these 

V ^ ^ ^ mercury so that they could measure the 

Pe vacuum directly. After Michelson’s death in 1931 

mirror Tnd the work alone. They used a 32-sided 

the fi I • ™7®'^ “ “ a speed that there was no deflection of 

ormed by light reflected nine times up and down the 

dernrm"^’ , ■ 7 f by the null method are the most accurate 

determination of the velocity of light which has so far been made and 

the results are shown m Table 13. A little reflection will show that the 

p mciple of the null method is the same as that of Fizeau’s method, the 

many-sided revolving mirror replacing the toothed wheel and the zero 

deflection of the image being a very accurate way of deciding when one 

face has succeeded the next, which is much better than trying to decide 

when one space of the toothed wheel has exactly succeeded the next by 

seeing if the brightness of the image is a maximum. Thus the latest 

and most accurate determination is just Galileo’s method refined by 
modern technique f 


Table 13 


Type of Mirror 


8-sided glass. 
8-sided steel. 
12-sided glass. 
12-sided steel. 
16-sided glass. 


Velocity of Light in Vacuum in Kms. per sec. 

299,797 

299.795 

299.796 

299,796 

299,796 


TIME 


WITH 


We shall conclude this account of measurements of the velocity of 
light by reference to a possible variation with time which is suggested 
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♦*/>« of the results obtained in the last sixty years. They 
by an the results are given as the velocity m 

are refractive index of air relative to a vacuum 

than in air. It is desirable to ** The r^ults shotvn in Table 

IHu^^t TsnSl wUtiJ^ of pSod forty years, but much ^ “ 

wheeuf rottellToS^^^ ‘he base can L shorten^ 

To a few metres instead of several kilometres ? It seems hopeless to do 
this with the inertia, of a material wheel, but a lot has been 

of this problem alo^ such lines as these, paying particular attention t,o 
-«xr nKaartrtm#innn likelv to be suitable for the purpose. 


Date. 


1874 

1879 

1883 

1883 

1902 

1926 

1932 


Table 14 



Comu. 

Michelson. 

Newcomb, 

Michelson. 

Perrotin. 

Michelson 

Pease and Pearson 


299,990 ±200 
299,910 ± 50 
299,860 ± 30 
299,853 ± 60 
299,901 ± 84 
299,795 ± 4 

299,774 


i 


EXAMPLES ON CHAPTER XI 

1 Describe Rfimer’s method of measuring the velocity of light. State and 
explain at what positions of the earth in its o^bit round the sun the time between 
two successive eclipses of one of Jupiter's mooris is (a) greatest, (b) least. Calculate 
the value of each of these times in the case of the moon whose period round 
Jupiter is exactlv seven days to an observer on Jupiter. The velocity of light is 
186,000 miles per second and the velocity of the earth in its orbit round the sun 

is 18-5 miles per second. 

2. Prove that the finite value of the velocity of light causes a star in the plane 
of the earth’s orbit round the sun to appear to describe a periodic rnotion of period 
one year along a line, while a star whose direction from the earth is normal to the 
plane of the earth’s orbit round the sun appears to describe a circle in a time of 
one year. Show how this apparent motion of the stars can be used to measure the 

velocity of light. 
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possible to get two stations about 1 miles arart ff w **'P*“". •' would be 
thirty teeth from the gear-box of an old mo?or ^r af the motl. 

regard ?he aHemptm be CEh disappeamn«T ’ Do'tu' 

method based%n''rTflecdorfro^^^ determined by a 

whSeirtht'E-eSEiSi^^^^^^^^^^^ of "lElE'S-^roCin^S^SS 

from the lens to the surface of le Evincive mlEmr fsTl the distance 

800 revolutions per second, find the Lflection S^e rotatmg mirror makes 

of light is 3 X lO- cm. per second. Work frZfiEst or3®1’ '''*“‘'3' 

you use . principles or prove the formuhe 

men7oTSe“ now""'”''"" - “-d, find the displace. 

th:Ve?o°cl;y‘'S H8ht^:!Stl“t;e"reoE^ThS^^^ of 

l-Jain ttVetc7.'o°”‘S 1°^ ittfr SS t^^,Ss‘'oM 

fu.!y ?i;Teyta^-tr 

spl°d S'EEmhght "EEetfnl”!"?/!;: fmS' 

of a lake on the earth *s surface. ^ ^ from the sun to th^boUom 

11, Describe a method for the accurate meastireme'nr nf .v»a» i •. r !• i. 

thi^t°hT of been measured (a) in air, (b) in watS J ° Whatsis 

the theoretical importance of the results obtained } (Catnb. Schol.) 

The^dochv S^lV^t^°n w*" t ^’^locity of light has been determined. 

on these (refractive index 1-64) it is 1-705 X 10*® cm /sel Comment 

i o • • • . . < (Oxford Schol.) 

^ a critical discussion of IVIichd'^on*^ niilf c • 

velocity of light. If a base line of 7 miles ^^^^“LTStaor arratSlS t 
you consider that a determination by this method is feasible ? ’ 

veloci^onishf^Wh^l^L'^th''^ have been obtained from determinations of the 
velocity of light. What further work does your discussion suggest ? 


Chapter XII 

THE PROPERTIES AND THEORY OF WAVES 

107. INTRODUCTORY 

We have just seen that, when the velocity of light wp measured in 
water, it was found to be less than that in air. This result is in accordance 
with the prediction of the wave theory but contrary to that of the corpu ^ 
cular theory. Does it mean that this theory must now be abandoned^ 
Not at all ! The supporters of the corpuscular theory will rightly contend 
that it would be equally reasonable to abandon the wave theory on accoun 
of its inability to explain rectilinear propagation. And they may add 
that it is quite possible to explain the above experimental fact on the cor- 
puscular theory. It is only necessary to assume that both the tangential 
and normal components of the velocity of the corpuscle decrease as it 
goes from air to water through a narrow region on either side of the 
refracting surface, and that the tangential component suffers that greater 
decrease than the normal component which is needed to make the ray 
bend by the observed amount towards the normal. The supporters of 
the wave theory may object that this is precisely the kind of ad hoc assump- 
tion which is to be avoided, since it cannot be made until after the fact 
is knowm and because a theory which has to resort to ad hoc assumptions 
cannot suggest new lines of investigation. But those who believe in the 
corpuscular theory will reply that the adherents of the wave theory 
should be the. last persons to complain about ad hoc assumptions, since 
they have filled the w'hole of space with a medium, which has never been 


plain 


We 


less than that in air as overthrowing the corpuscular theory ; both 
theories are still in difficulty and the acid test is still to come. It is this : 
which of the two will prove the more fruitful in suggesting new lines 
of investigation ? Can the corpuscular theory suggest any properties 
which light should have which have not yet been discovered ? What 
can the wave theory do in -this respect ? There are three ways in which 
it can suggest further advance. 

We ha^ seen that the known waves obey roughly the same laws of 
reflection and refraction as light. But it is time to go beyond mere 
similarity and to proceed to construct a mental picture of weaves, which 


terms. We 
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• 1 model of waves ; our model will probably be rather 

simoler than th(» 1 . . - ratner 


.tap", ."U, .ta .„d „.p,a p " 


_ i_ • 1 ^ ^ waix Ki\j aim cxicna our ideaq 

to a much wider range of conditions than we have so far observed k 

DrSCtlPP rmie 4 - 1^1 .. « • ^ ^ ^ 


practice. We must extend this model to explain reflection and re^do^ 

There are two other well-known phenomena exhibited by water and 
sound waves, namely, interference and diffraction. We 

rVi-V ^ . « 


. Yvc musi tnereiore 

go into these phenomena and see that they follow from our theory and 

LllCn tmiof tf^r x.'U.n" f « ta _ 


^ luiiuw irum our ineonr and 

then we must try to obtain the corresponding phenomena in the case of 


lines 


of im^stigation ; let us occupy ourselves with a gen^aT 70^“^ 
model of waves and investigate interference and diffraction in water 

Wavp.9 i^nrl cmiT^rl • ^ t ^ - - * 


111 water 

waves and sound ; then we shall be ready for a further step into the 
unknown. ^ 


108. WAVES 

A wave is the propagation of a condition through a medium 
without any translation of the medium in the direction of the 
Avaves. The word “ translation ” means that there is no bodily motion 
of the medium, no transference of the medium in the direction of the 
waves. For example, if a rope is held in the hand (Fig. 174) and the 
free end is moved up and down once, a hump is produced in the rope 



and this hump, or crest, travels along the rope at a definite velocity. 
This is a wave and it is to be emphasised that it is the crest, a condition 
of the rope, which travels along and not the rope itself. Again, if a 
plank floating on the surface of a pond is moved up and down, crests 
and troughs are produced and travel over the surface of the water. In 
this case the motion of the plank changes the normal flat surface of the 



Fig. 175. 


pond into a wavy shape consisting of a series of alternate crests and troughs, 
and it is this wavy shape which moves through the water (Fig. 175). 
There is little or no bodily transference of the water itself, as may be 
seen by putting a cork on the surface of the water, when it merely bobs 
up and down without moving in the direction of the waves. It is true 
that there is obviously transference of the water in waves formed near 
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these are a complicated kind of %vave and we 

above two kinds of wave arc called tra 
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consider them further. medium 

verse waves, because the vibration of any particle of the medium 

“ at on a ^ 

the string makes 256 f moves 

Z'Tt « th^ air just above k, and this compression trav.^ out 
into the air ; when it moves down, it rarefies the air above ^d the 
rarefaction Mows the compression. 256 of each leavmg the «ota e«^ 
second. This succession of compression and rarefacuons is the too 


travels through the air in the case of sound, and 


particles of air in the same 
ss are called longitudinal 


hav 


particles 


imple properties 


and then go on to make 


same 

cycle 

The 


109. SIMPLE PROPERTIES OF VIBRATIONS 

A vibration is a to- and -fro motion which repeats itself 
regular intervals. A good example is the motion of a pendulum 

of a mass on a spiral spring (Fig. 

176). The centre of the mass in 
each case moves to and fro along 
the path AOB, taking the 
time to describe a complete 
from A to B and back again, 
amplitude of a vibration is the 
greatest displacement the body ex- 
periences measured from the equi- 
librium position. It is OA in the 
above cases. The periodic time, 

T, of a vibration is the time taken 
to execute one cycle or one to-and- 
fro motion. The frequency, /, of 
a vibration is the number of cycles 
at once that 



\ 
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Fig. 176. 


'** j B 


We have 


f 


1 




1 


The simplest kind of vibration is Simple Harmonic IVlotion, in which the 
displacement y from the equilibrium position at any time t is given by 


y=0 sin ojt 


( 58 ) 


and the periodic time is independent of the amplitude. It wiU be dis- 
cussed more fully in Art. 118. 

17 
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110. THE IDEAL WAVE 

As its name implies, this \ 
although water waves and s< 
close to it. 


It is hard to realise because of its simple properties. It 
wave form, which is represented by the graph of displace- 
particles a^inst their position in the medium, travelling 

This means that the shape 


through the medium with type unchanged, 
of the wave form 


means 


case 


as the waves move along. This is evidently not true for waves which 
break ’ ■ 


Fig. 177 



Fig. 177. 


shows the wave being started by a vibration of particle 1 of the medium, 
which is handed on to the next particle and so on. This sets up a wave- 
form which travels on through the medium. The waye-length, A, is the 
distance from one crest to the next, or the distance between two suc- 
cessive particles which are in identical states of motion (Fig. 178). The 
amplitude, a, of the wave is the distance from the crest to the normal 
position of the medium. The period, T, of the wave is the time taken 
by one complete wave to pass a given point in space, such as the undis- 
placed position of particle 5, and the frequency, /, of the wave is the 
number of complete waves passing a given point in space in unit time. 
The velocity, V, of the waves is the velocity of a given crest ; if time is 
reckoned from the instant at which a given crest passes a given point 
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in space, then at the end of a second, / complete waves will have passed 
that point, and so the original crest will be a distance /A away. Therefore 
the velocity V of the waves is given by 


V=/A (59) 

We shall now suppose that the wave motion has been established and 
is being maintained by the vibration of the particle 1, and we shall con- 
sider in detail the passage of the wave form through the limited portion 






Fig. 178. 


of the medium shown in Fig. 178. Let us consider the motion of particle 5. 
At ^=0, it is in the position of zero displacement and is moving upwards ; 

T . 

at /= -, it has reached the position of maximum displacement in the 

4 


T 

upwards direction ; at / = - , it has reached the position of zero displace- 


ment once more, but it is moving in the downwards direction this time • 

3T 

at t= — 

4 


0 

it has reached the position of maximum displacement in the 


downwards direction, and at t — F, it is once more m the precise state 
in which it started, that is, at the position of zero displacement moving 
upwards. So while one complete wave passes the point in space normally 
occupied by the particle 5, that particle executes one complete vibration ; 
in fact, the passage of the wave merely involves the vibration of the 
particle without any translation in the direction of the waves. If wc now 
consider another particle, say particle 9, we see that the same thing is true 
in this case. It just executes vibrations as the wave passes along, one 
complete vibration occupying the same time as one complete wave takes 
to pass a given point in space. But the particles 5 and 9 do not vibrate 
in step, or in phase, to use the technical term : that is, they do not reach 
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the point of maximum upwards displacement simultaneously, nor do 
they attain any other corresponding point of their cycle of motion at the 
same time. As a matter of fact, these two particular particles are half a 
period or tt out of phase, since In is taken to represent one period in the 
usual way of measuring phase. It is also true of any particle of the 
medium that the passage of the wave just involves a vibration of the 
particle whose period and amplitude are the same as those of the wave. 

So the passage of any wave without change of type through a 
medium involves a vibration of the particles of the medium with 
the same period and amplitude but progressively varying phase. 

For this reason the passage of such a v/ave does not produce any bodily 
motion of the medium in the direction of the waves, because the 
appropriate vibrations of the particles are all that is necessary to produce the 
motion of the wave form. And the amplitude, period, and frecjuency of the 
vibrations of the particles are equal to the corresponding quantities of the 
waves. We shall show later (Art. 119) that, if the wave form is a sine graph, 
the vibration of the particles of the medium is Simple Harmonic Motion. 

What will happen if two separate waves pass through the same medium ? 
Suppose, for example, that two stones are dropped at the same time into 
£1 pond, at a little distance from one another each producing circular waves. 
Vvbat will happen at the points where both waves meet ? If we consider 
one point in the medium, each wave is trying to set that particle into 
vibration with a certain period and amplitude. If the periods of the two 
waves are the same, then the resultant effect of the two waves at that 
point is to be found by adding together the two vibrations, paying due 
regard to the sign as well as the magnitude of the displacement due to each 
wave at any instant, d wo particularly simple cases present themselves. 
In the first, the two vibrations due to the two waves are in phase. In this 
case, a crest from one wave arrives at the same time as a crest from the 
other and a trough with a trough. It is clear that the resultant vibration 
of the particle is one whose amplitude is the sum of the amplitudes of the 
component vibrations and the effect is a maximum in such a case. In the 
second case, the two vibrations due to the two waves are just half a period 
or 7T out of phase. This means that a trough from one wave arrives with 
a crest from the other or vice versa. So whatever effect one wave tries to 
produce on the particle, the other wave tries to produce precisely the 
opposite. So the resultant vibration is one whose amplitude is equal to 
the difference in the amplitudes of the component vibrations. It will be 
zero, if the amplitudes of the component vibrations are equal. The 
effect of the two waves is a minimum in this case. We shall meet with 
most important applications of this principle shortly (Art. 115). 

111. HUYGENS^ PRINCIPLE 

So far we have considered waves in one direction only as along a rope 
or in one particular line on the surface of water. If a stone is dropped 
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into a pond, circular ripples spread out from the point O where the stone 
entered the water (Fig. 179). They are produced by the vibration of the 
water due to the entry of the stone and the ripples are circles with O as 
centre. Each one of these circles is called a wave front and the direction 

OA, in which any very small portion of a wave 
front travels, is normal to the wave front and 
is called a ray. It denotes the direction of 

propagation of the disturbance. 

If a graph of the displacement of the 
particles, which normally lie on the line OA, 
against their distance from O is drawn, it 
will resemble the wave form shown in Fig. 

175 and this wave form travels through the 
medium without any bodily motion of the 
medium itself. But we are now dealing with 
waves travelling in two dimensions and the 



Fig. 179. 


conception of a wave front comes in. A wave front is the locus of a par- 
ticular phase of the vibration of the particles of the medium. The 
phase most usually chosen is the position of maximum positive displace- 
ment, and so the locus is the line joining the crests. This is clearly a circle 
in the case of the waves produced by dropping a stone in a pond. If a plank 

AB floating on the surface of a pond is 
moved up and down, it will produce waves 
roughly of the form shown in Fig. 180, in 
which the wave fronts are straight lines, the 
rays being straight lines normal to the wave 
fronts. In the case of waves in three dimen- 
sions, a point source will produce spherical 
waves, the rays being radii of the spheres, 

B I I I 1 1 I while a plane source will produce plane waves ® 

in which the rays are lines normal to the 
planes. 


Fig. 180. 


We know from simple experience that a circular wave front grows into a 
circle of ever increasing radius ; a linear wave front moves as a line parallel 
to itself ; a spherical wave front spreads as a sphere of ever increasing 
radius ; a plane wave front moves as a plane parallel to itself. What we 
need now is some theory to explain why this should be the case, some way 
of predicting the future course of wave fronts. This is essential if ever 
we are to put refraction and reflection on a rational basis. This theory was 
first put forward by Huygens and is known as Huygens’ Principle. It 
states that the position of a wave front t seconds after its present position 
is found by regarding each point of the given wave front as the source of 
secondary wavelets. With each point on the given wave front as centre 
a sphere of radius ct is drawn, where c is the velocity of the waves in the 
medium. The required position of the w^ave front is the envelope of the 
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spherical wavelets. We shall illustrate this principle by applv^,. „ ,0 tne 

propagation of circular and plane waves. > PP S 10 me 

Tf a circular wave front ahcde . . . qra centre O (Fig 

181). If we wish to find the position of this wave front after a time t we 
draw a set of spheres of radius ct with each point of the circular wave front 
as centre. A portion of the secondary wavelet from the points abed ... or 
IS shown in the diagram. The envelope, or common tangent of these 
^condary wavelets is quite clearly another circle centre O and radius 
Oa + ct, thus verifying the fact that a circular wave front is propagated as 
a circle of ever increasing radius. Again, if we have a plane wave front 



Fig. 181. 



Fig. 182. 



represented by AB, and we wish to find its position after a time t, we con- 
struct a set of spheres of radius ct with centres at each point on the plane 
wave front, A selection of these secondary wavelets is represented by the 
arcs of circles shown in Fig. 182 and the envelope of them is the line CD 

to the original wave front and at a distance 
ct from it. This verifies the fact that a plane wave front is propagated as 
a plane, parallel to itself. But there are two difficulties to be noticed in 
connection with Huygens’ principle. It is quite clear that in both the 
above cases we have only drawn one of the two possible envelopes to the 
secondary wavelets ; in the case of the circular wave front there is clearly 
one centre O and radius Oa-ct, and in the case of the plane wave front there 
is clearly one at the same distance from AB as CD but on the opposite side. 
So we have to know which way the wave is travelling before we can predict 
its future position. We have to know which envelope to ignore. This is 


which represents a plane parallel 
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not a completely satisfactory position, but it need not hinder our usi^ 
Huygens’ principle as a working rule. We cannot accept it m the 
real explanation of how waves are propagated, nor can we regara ™ 
secondary wavelets as having real existence, until we can a^unt for the 
absence of one envelope in a rational way. The second difficu^ 
to the arcs of the secondary wavelets extending beyond CD m Fig. 182. 
What do they mean ? Do they indicate that a plane wave spreads out at 
its edges to a slight extent ? We say to a slight extent since the arc is 
just the effect of one wavelet, whereas the portion CD is the sum of many 
wavelets. It is known that waves do spread out sideways,' so thw arcs 
may indicate this diffraction. We shall refer to diffraction again later 
in this chapter, but we shall now proceed to the explanation of reflection 

and refraction on Huygens’ principle. 

112. REFLECTION 

Let us suppose that a plane wave front, which is the same as a parallel 
beam of rays, is approaching a plane mirror PQ. W^e will use Huygens 
principle to find the reflected wave front and see if it obeys the laws of 
reflection. Let AB (Fig. 183) represent the wave front at the instant when 



the end A has iust reached the mirror. To find the position of the reflected 
wave front when the end B has just reached the mirror, we make use of the 
fact that the secondary wavelet starting from the point A will have a radius 
BC by the time the end B of the wave front has reached the mirror at C.- So 
we draw a circle centre A and radius BC, drawing only the portion of the 
circle lying above the mirror, since we are seeking for the reflected wave 
front. The reader will recall that Huygens’ principle cannot predict 
the way the wave front will travel. We then draw the tangent CD from 
C to this secondary wavelet. Now, in the right-angled triangles ABC arid 
ADC, AC is common and BC = AD by construction, so the triangles are 


congruent and /^BAC=/lDCA. The truth of this relation is inde- 
pendent of the width AB of the incident wave front, and so if a smaller 
portion BE is considered, the tangent from C to the wavelet from F will 
make the same angle with the mirror as the tangent from C to the wavelet 
from A. In fact, the line CD touches all the wavelets from the points 
between A and C and represents the reflected plane wave front. 


We have proved that ^BAC= /^DCA. But /IBAC between the incident 
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normal 


between 


of incidence, t ; 


between 


reflecting surface is equal to that between the reflected ray and the normal 

Thus z= 


which is the angle of reflection, r. 
reflection. 


r, which is the second law of 


1 he tangent from C to the spherical wavelet, centre A, radius 

BC, clearly touches the sphere at a point in the plane of the diagram and 

so the reflected ray is in the same plane as the incident ray and the normal 

to the reflecting surface at the point of incidence, which is the first law 
of reflection. 


113. REFRACTION 

I.et AB represent a plane wave front approaching a plane surface 
separating two media in which the velocities of light are Cj and C 2 respec- 
tively, the wave front proceeding from the less to the more dense medium 
(Fig. 184), To construct the refracted wave front at the instant when B 



has reached C on the refracting surface, we draw a sphere centre A and 

radius AD, AD being equal to BC X — , the distance light travels in the 

^1 

more dense medium while it is travelling BC in the less dense medium. 
Draw CD to represent the tangent plane from C to this spherical wavelet. 

We have 

sin *2 AD C 2 

sin 1*1 BC B C Ci 

AC 

This gives a value of z *2 independent of the width AB of the wave front. 
If a smaller width BE is considered, CD will therefore be the tangent 
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plane to the secondary wavelet at F and it is therefore the tangent plane to 
the secondary wavelets from all the points between C and A. Accord- 
ingly CD represents the required refracted wave front. But and I 2 are 
the angles of inclination of the rays in the two media respectively and we 

have 

sin t’l __Ci 
sin ii c-i 

a constant, which agrees with the general law of refraction 


1*1 sin r’l =«2 *2 

This view of refraction leads to an interesting interpretation of the general 
law of refraction. The ratio of the sines of the angles of inclination for 
two media is constant, because it is equal to the ratio of the velocities of 
light in the two media. This ratio is in inverse proportion to the ratio of 
the refractive indices of the two media, thus showing that the velocity of 
light is smaller in the medium of greater refractive index, which has been 
shown to be true for air and water. Finally, the ratio of the velocities of 
light in air and water should be equal to the refractive index of water, 
and this has been verified experimentally (Art. 103), so the wave theory 
of refraction gives a complete explanation of the phenomena. It should 
therefore give an interpretation of the breakdown of refraction and its 
replacement by total internal reflection. The reader is advised to go into 
this for himself by answering question 4 at the end of this chapter. 


114. THE LENS 

Since the two axioms of geometrical optics, the laws of reflection and 
refraction, follow^ from Huygens’ principle, the theorems about lenses and 
mirrors can be deduced directly from that principle too. We shall only 



Fig. 185. 


consider one of them, namely the case of a point image formed from an 



of a converging lens, it will produce a spherical wave represented by KD 
touching the surface of the lens at D (Fig. 185). Since light travels more 
slowly in the material of the lens than in the surrounding medium, the 
portion of the wave front round and about D will travel more slowlv than 


the outer parts and the wave front will be turned inside out to become 


direction 




It is represented by 


¥ 
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LE with centre B, Which is therefore the point image of the point object A 
Since the wave diverges from A and converges to B again, the time taken 
by light to travel the path ADHEB is the same as that taken to travel the 
path AKGLB. The reader will recall that this is the same principle 
which was used in Art. 19 in proving the lens theorem by Fermat’s 
principle and so the proof of the lens formula’ from Huygens’ principle 
follows just the same lines and will not be repeated here. Putting AH=a 
BH = 6, and the numerical values of the radii of curvature of the faces of 
the lens equal to Cj and C 2 , we obtain the usual relation 


b'^a 


(«2 



and, if d is the numerical value of the focal length of the lens, 


and 


d 

Wa 


H — ) 
\^1 ^ 2 / 


1 

d 


There is an interesting interpretation of this last equation on the wave 


theory 


1 . 


a 

1 


is the curvature of the incident wave front when it strikes the 


lens and - is the curvature of the emergent wave front on leaving the 

O 

lens and - is the curvature which the lens imposes on a plane wave front. 

Cv 

So the curvature of the emergent wave front is equal to the curvature 
which the lens imposes on a plane wave front minus the curvature of the 
incident wave front. This only applies to the particular case of a con- 
verging lens producing a real image of a real object. The general case is 
obtained from the general equation 

V u f 

from which the curvature of the emergent wave front is equal to the sum 
of the curvatures of the incident wave front and that imposed by the lens 
on a plane wave front. The curvature of a wave front is reckoned positive 
or negative according as it is concave or convex when viewed by an eye 
placed so that light enters it after emerging from the lens. This view of 
a lens as an instrument which produces a constant change in curvature 
in a w'ave front falling on it is complementary to regarding it as a means 
of producing a constant deviation in rays falling on the lens at the same 
distance from the axis. In the one case, the power of the lens is the 
change in curvature which it produces in a wave front, while in the other 
it is the constant angle through which it deviates any ray falling on it at 
unit distance from the axis. 
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115. INTERFERENCE 

Wc must now consider the phenomenon of interference which is quite 
will known in water waves, sound waves, and wireless waves. ^ It refers 
to what is observed in the region where two or more wave trains crow. 
The word interference is perhaps unfortimate, sincx it implies that the 
individual wave trains interfere with one another in crossing, whereas, 
as a matter of fact, they emerge from the creissing bearing no trace of 
having been crossed by any other waves. But the word is too well estab- 
lished to admit of change. The reader must remember that no effects 
are to be observed except at the place where the crossing occurs. If a 
U-shaped piece of thick copper wire is mounted on the end of a vibrating 
strip of metal fixed to one side of a glass-bottomed tank filled to a suitable 
depth with water, each end of the copper can be made to dip into the 



Fig. 186. 


surface of the water and will act as a point source of water waves, if the 
strip is set vibrating. The waves produced on the surface of the water 
can be made visible to a class by sending light from an arc through the 
water and letting it fall either on the ceiling or reflecting it oflF a plane 
mirror on to a screen. The surface of the y^ater is now disturbed by 
circular ripples from each point source and as these ripples are crossing 


observed all over it. 


can 

can 


number of patches of calm water, separated 
vhich are fireatlv disturbed bv waves nass 


through them. If the reader actually sees the phenomenon for himself 
he will also see that, although the waves are moving, the patches of 
alternate calm and disturbed water are stationary. They are called inter- 
ference fringes. The explanation of the phenomenon will be clear from 
Fig. 186, which represents two point sources of waves, S, and S^, sending 
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out spherical waves. Let us consider the effect at a point P. It will be 

a maximum or minimum according as S2P— SjP is n\ or ( 2 «+l)-, where 

2 

71 is any integer and A is the wave-length of the waves. For, if S2P— SjP 
is «A, then a crest from Sj will arrive at P at the same time as a crest from 
S2 and their displacements of the particle of the medium at P will add 
up to produce a vibration of maximum amplitude. Also the vibrations 
of the particle of the medium at P due to the waves from Sj and S2 will 
always be exactly in step and so P will remain permanently a place of 
maximum disturbance, provided S2P— SjP is wA. On the other hand if 

S2P—S1P is ( 2 ;^ 4 -l)-, then a crest from S2 will arrive at P at the same 

2 


time as a trough from Sj and their displacements of the particle of the 
medium at P will be in opposite directions and if their amplitudes are 
equal they will cancel out. So the displacement of the particle at P will 
be zero and it will remain zero, since the displacements of the particle at 
P due to the waves from Sj and S2 will always be equal and opposite. 
The locus of an interference fringe is found by putting n constant and is 
therefore given by 


S2P — S j P = constant 

This is a set of hyperboloids of revolution about S1S2 as axis and the 
effect observed with water waves is the intersection of the surface of the 
water with these hyperboloids of ‘revolution, there being one for each 
value of ?i. This explains the alternate stationary patches of calm and 
disturbed water and it can be seen that the patches of calm in Plate IV 
are approximately hyperbolae. The striking characteristic of this pheno- 
menon is that disturbance added to disturbance produces calm. But this 
does not involve any loss of energy, since the energy apparently lost in 
the regions of calm is present in the extra energy existing in the regions 
of disturbance. It is important to notice three characteristics of these 
interference fringes produced by two point sources. The fringe width, 
or distance between the centres of two patches of calm, increases as we 
go further from the sources, as is obvious from Plate IV ; the fringe 
width increases as the distance between the sources decreases, as is shown 
by Plate IV, Figs. 1 and 2 ; and it decreases as the wave-length decreases. 
This is illustrated in Plate IV, Figs. 1 and 3 , but it can also be seen by 
considering the effect at a point such as O on the central fringe of zero path 
difference (Fig. 186 ). If a line be drawn through O perpendicular to the 
central fringe, the next fringe of maximum disturbance will occur when a 
point so far from O along that line is reached that the path difference is 
one wave-length. If the wave-length is decreased, it is not necessary to go 
so far to one side of O before the necessary path difference is reached and 
so the fringe width gets less. A.ny attempt to produce inte^erence with 
two point sources of light must produce interference fringes showing the above 

characteristic features. 


PLATE IV 




Fig. I Interference fringes in water 
waves with two point sources wide 
apart, producing a small fringe 
widch 



Fig. 3. Interference fringes in water 
waves with two point sources the 
same distance apart as in Fig. I, 
but with a smaller Wave-length, thus 
producing a smaller fringe width, 

y H . ( ot ! nn^hiuii I 



Fig. 2. Interference fringes in water 
waves with two point sources dose 
together, producing a large fringe 
width. 

I 7. H'. ( 'ottingluufn 



Fig. 4. Newton’s Rings. 

(. 7 . (Sottin^horn 
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There arc many examples of interference in sound and we will con- 
sider two simple cases. If a tuning-fork is struck and held close to the 
ear with the prongs vertical and is rotated about a vertical axis, no sound 
will be heard four times in each revolution. The explanation is as follow's. 
When the prongs GG (Fig. 187) move outwards, a rarefaction is pro- 
duced in between them and moves out along the lines and OY , 
while at the same time compressions are produced on the outside of the 
prongs and are propagated along the lines OX and OX . But the com- 
pressions and rarefactions spread out over spherical wave fronts and so 
there will be regions of silence along the lines POP^ and QOQ , the 
bisectors of YOX' and YOX respectively, since a compression from outside 
GG and a rarefaction from in between GG will arriv'e at any point of these 
lines simultaneously. Therefore the four silences heard in each revolution 
of the fork are due to the fringes of silence OP, OQ, OP', and OQ' sweep- 
ing over the ear in succession. A second case is the phenomenon of 



heats, wliich is the periodic waxing and waning in intensitv of the sound 
heard when two tuning forks of nearly the same frequency are vibrating 
at the same time. Let S| and be the two forks (Fig. 186) and let us 
imagine that the observer is at O equidistant from each fork. Let the 
two forks have frequencies of 256 and 258 c.p.s. respectively. Reckoning 
time from the instant when each fork is sending out a compression, the 
effect at O is a maximum, since the compressions arrive lltere at the same 
time and their effects add up. But a quarter of a second later one 
fork has completed 64 vibrations and the other 64-5 vibrations, so the 
former is sending out a compression at the same time that the latter 
emits a rarefaction. Therefore thp effect at O is a minimum, or, if the 
amplitudes of the two forks are the same, silence. In half a second the 
forks have executed 128 and 129 vibrations respectively, so that each is 
•ending out a compression and the effect is i maximum, or loudness, once 
more. This effect continues regularly as is summarised in Table 15, and 
the loudness of the sound waxes and wanes at 2 c.p.s., the difference 
of the component frequencies, which agrees with the observations. 
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Time 
sec. 


Number of Vibrations 
Executed by 


Nature of Disturbance 
Emitted by 


Effect at O 



S2 



S2 


0 

64 

128 

192 

256 


0 

64-5 

129 

193-5 

258 


Compression. 

Compression. 

Compression. 

Compression. 

Compression. 


Compression. 
Rarefaction . 
Compression. 
Rarefaction. 
Compression, 


Maximum. 
Minimum. 
Maximum . 
Minimum. 
Maximum. 


Here again we may sum up the essential feature of interference as sound 
added to sound produces silence and again this paradox is not a 
violation of the conservation of energy, as the absence of sound in the 
patches of silence is compensated by excess of sound in the patches of 

loudness. ^ . 

Finally we may refer to a case of interference in the electric waves, which 

are used to transmit music and speech in broadcasting. The condition 

which is propagated in this case is an electric and magnetic field, which 

are at right angles both to each other and the direction of the waves, and 

the wave form shown in Fig. 175 represents an electric wave if the ordinates 

represent the strength of the electric field in space. It is known that 

electric waves can travel right round the earth, because there is a region 

of the atmosphere some 30 miles up called the ionosphere, w ic i re ects 

electric waves down to the earth again. When electric waves do travel 

right round the earth, it is because they have suffered several reflections 

both at the ionosphere and the surface of the earth itself. According y, 

when a broadcasting programme is received on a wireless set, so*™ ^ 

incoming waves may have travelled directly along ace o j 

and some may have gone up to the ionosphere and been reflected down 

^ ^ 9 n A OPtVVCdT I'WO S6lo 01 


res and if ace ;r.h direct wave happens to arrive at the receiver 
r^hMe time as a trough of the reflected wave. «he — be 
a minimum and the reception will be poor. Fortuna y 
the layer in the ionosphere from which the waves are 

is continually altering and the interference ^”"8^ , ^ replaced 

may move away from the receiving set to another place 

by a fringe of maximum effect. term, and 

this fading is one of the difficulti^ ^fseHo am^fl; 
trying to overcome by arranging or interest in 

amplitude of the incoming wave ecrea . . 7 ^ ^ ^^d once again 

fading is that it is yet another zero filld. 


we see 


i 
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This is the feature common to all the cases of interference we have so 
far considered, that disturbance added to disturbance produces calm 
and it is difficult to see how such a phenomenon could be produced by 
anything but waves with their crests and troughs. Conversely, if inter- 
ference is obtained, it is fair to argue that we are dealing with waves. 

116. DIFFRACTION 

I'he last phenomenon characteristic of water waves and sound waves 
is diffraction. The diffraction of water waves is illustrated in Plate V, 
in which plane waves are incident on an aperture which is some five tiines 
wider than the wave-length of the waves, and it is seen that, after passing 
through the aperture, the waves spread sideways behind the obstacles 
which form the aperture. There is no question of a sharp shadow being 
cast as is the case with light the disturbance definitely extends into the 
geometrical shadow, and the rays, which are perpendicular to the wave 
fronts, bend round instead of travelling in straight lines. Further, if the 
width of the aperture is decreased, the extent of the bending or diffraction 
increases in the sense that the amplitude of the waves inside the geo- 
metrical shadow increases and also that the waves spread further into 
the shadow itself. Finally, if the aperture is about the same width as the 
wave-length of the waves, it acts practically as a point source and the 
waves spread out equally in all directions from it as is shown in Plate V. 
Precisely similar effects are obtained in the case of obstacles ; waves 
bend round to a small extent behind an obstacle some five times wider 
than their wave-length and the intensity and extent of this bending 
increase as the width of the obstacle decreases. These effects can be 
produced in a ripple-tank, but they also occur naturally on the sea or a 
lake. Even the most casual observer must havd noticed that the ripples 
of small wave-length produced by a faint breeze in the pool of water 
around a large boulder at low tide do not spread into the region behind 
the boulder, w'hile the large waves flowing towards the same boulder at 
high tide pass by and close in again after a few yards bearing hardlv any 
trace of their temporary break into two parts by the boulder. Diffraction, 
then, is the sideways spreading of waves after they have passed 
through apertures or by obstacles and becomes more marked 
as the width of the obstacle or aperture decreases so as to become 
the same as that of the wave-length of the waves themselves. 

The same effect occurs with sound waves. If we stand on one platform 
of a big railway station and listen to a train, which is blowing off steam 
from the safety valve, coming in at another platform, we can hear tiie low- 
pitched clank of the train quite , clearly although a block of buildings may 
be directly between the train and us. This is because the clank of the 
train produces waves of wave-length about 10 ft. and so they can spread 
sideways behind buildings some 10 to 20 ft. long and reach us. But the hiss 
of the steam from the safety valve is a high-pitched sound and the wave- 
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length of the waves it emits is only an inch or two, so that these waves 
cannot spread sideways behind the large buildings to any extent. There- 
fore we do not hear the hiss of the steam from the safety valve until we 
can see the engine ; that is, until the waves can cbnie directly from their 
source to us. Everyone must have noticed this effect and it is another 
example of the fact that waves spread sideways behind obstacles and that 
this sideways spreading is the more marked as the wave-len^h of the 
waves decreases to become of the same length as the size of the obstacle. 
We shall not go into the theory of diffraction here, beyond remarking 
that it must be based on Huygens* principle and that the propagation of 
plane waves on that principle led us to expect a sideways spreading of 

plane waves. 


117. PREDICTIONS 

The way is now clearly signposted for the supporters of the wave 
theory and the signposts are labelled interference and diffraction. 
We must realise interference in the case of light ; our task is to add light 
to light and produce darkness ! Secondly, we must explain why light is 
propagated so nearly in straight lines (the reader will remember that the 
experimental evidence of Art. 2 does not prove that light travels exactly 
in straight lines) and we must produce diffraction in light. We must set 
up an experiment which shows quite clearly light rays bending round the 
corners of an obstacle or spreading out after passing through an aperture. 
Arc these quests doomed to failure at the outset ? Are they hope ess 
Is it not possible that light shows so little diffraction because its wave- 
length is so small ? And what is the explanation of the dark bands outside 
the geometrical shadow in Grimaldi s experiment (Art. 97) ^ti t e 
alternate dark and bright bands inside the shadow ? Are the bright bands 
inside the shadow a case of diffraction ? Possibly this experiment con- 
tains the germ of the phenomena we are seeking. Let us prras on then 
into the unknown and settle if light is or is not waves 1 Ju^ e ore 
starting we must consider briefly the mathematical theory of waves. 

which we shall need at a later stage. 


118. SIMPLE HARMONIC MOTION 

We have already seen that the passage of a wave through a 
involves vibration of the particles of the medium an so we , ^ 

begin the mathematical theory of waves with a considera ion o 

vibration, Simple Harmonic Mot»n. to anv 

Simple Harmonic Motion is the resolved par p 

direction of uniform circular motion. If a particle P (J•g^ ^ 

describes a circle centre O and radius a with uniforin spec u a 
angular velocity m and a line PQ is drawn perpendicular to a 

rfrrlft to cut the diameter at Q, then the point Q describe 


t 
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simple hannonic motion. It is clear that Q describes a to-^d-fro mc^n 
repeating itself at regular intervab, because, as P describes the eirdc 

starting at X and proceeding through Y, 

X', Y' back to X, Q goes from O to Y 
back to O on to Y' and finally back to O 
again, having executed one cycle or com- 
plete vibration. We shall now derive 
expressions for the displacement y of 
the point Q measured from the point x 
O, its velocity y and its acceleration 
y at any time time being reckoned 
from the instant at which P is at X and Q 
is at O moving upwards. 

The angular velocity of a point des- 
cribing a circle about any axis is the pjg jgg 

angle measured in radians described in 

unit time by the line joining the point to the axis. So the angular velocity 
of the point P is related to its speed in the circle by the equation 

(60) 

If the point P reaches the position shown at time /, it has taken t seconds 
to travel from X to P and so the angle XOP is mt. Therefore 

OQ=OP sin (Jit 

or y=i 2 sina>< 

The velocity of Q is the resolved part of the speed of P in the direction 
YOY'. Since OP makes an angle to/ with XOX', the direction of the 
velocity of P, being at right angles to OP, makes the same angle with the 
line YOY' at right angles to XOX'. Therefore 

y—v cos (Jit 

From equation (60) 

v=(j}a 





cos < 0 / (62) 

a result which can also be obtained by differentiating equation (61) with 
respect to t. 

The acceleration of Q is the resolved part of the acceleration of 
P parallel to YOY'. The acceleration of P is — , or from equation 

(60), along PO. Therefore 


y 


cu 


a cos 

V 


(Jit 


8 


'y 


(ji^a sin (Jit 


. (63) 
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Combining this equation with equation (61) we have the important 
result 

—to 

The negative sign appears in this expression for the following reason. 
If Q is above O, the velocity of Q in the direction OY is always decreasing ; 
in other words, if jy is a positive number, y is a negative number and the 
negative sign is inserted in the equation to ensure this result. If Q is 
below O, its velocity is always increasing ; the reader must remember 
that a velocity of — 6 say half-way between O and is less than the 
velocity O at Y' itself. Mathematically, if j is a negative number, 3^ is a 
positive number and again the negative sign ensures that the equation 
shall lead to this result. In fact, the negative sign is the mathematical way 
of putting into the equation the physical fact that the acceleration is always 
in the opposite direction to the displacement. This last equation leads 
to another way of defining simple harmonic motion as the motion of a 
particle in a straight line in which the acceleration of the particle 
is proportional to its displacement from the equilibrium position 

and oppositely directed. 

The periodic time T of the motion is the time taken for Q to describe 
one complete to-and-fro motion, which is the same as the time taken for 
P to go once round the circle. Therefore 

T=- (65) 

w 



This period is independent of the amplitude of the motion. Combining 
equations (61) and (65) we have for the equation of simple harmonic 

motion 





The phase of a simple harmonic motion at a given instant is the value 
of the angle POX or of the quantity cot at that instant. It really denotes 
what stage of the cycle the particle has reached at that instant. If the 
phase is 0, the particle is at the position of zero displacement and moving 


towards Y, if it 



the particle 


is at the position of maximum positive 


displacement, if it is it is at the position of aero displacement and moving 
towards Y' and so on. The phase difference between two simple 
harmonic motions is an important quantity and is the difference in phase 
of the two motions at any instant. It will, of course, remain constant if 
the motions have the same periodic time. If the phase difference between 
two motions is vr, one will be at the position of maximum positive while 
the other is at the position of maximum negatwe displacement ; one wdl 
be at the point of zero displacement moving in one direction, while the 
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other is St the same place moving in the opposite direction. If the phase 

% 

diffetence is one is at the position of zero displacement and moving 

2 

towards Y, while the other is at Y ; the one is always a quarts of a cycle 
behind the other. The phase difference is how much the two are 

out of step with each other ; if it is 0, they are in step ; if it is they are 

exactly out of step, if it is they are half out of step and so on. The 

reader should make sure that he understands this idea, since we shall be 
continually 'using it in later work. 


119. THE EQUATION OF WAVE MOTION 

We shall now derive the equation of wave motion. The wave form is 
a sine>graph shown in 'Fig. 189 of wave-length A, amplitude a : if the 



Fig. 189. 


period of the waves is T, it is moving to the right with velocity The 

diagram shows its position in the medium at time <=0 and the equation 
of the wave form is 


a sm — X 

A 


(67) 


which represents a sine-graph repeating itself at points separated by a 
distance A, since an increase of x by the amount A reproduces the same 
value of y. The dotted line in Fig. 189 shows the piosition of the wave 

T 

at time from these two curves it is clear that the displacement 


T 

y of the particle A of the medium at time t— — is the same as that of the 

4 


particle B at /=0, where B is the same distance to the left of A 



as the 
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T 


wave travels in the time In general, then, the displacement y at 
time t of the particle at a distance x from O is the same as the displacement 


from O, since the wave moves a 


at i = 0 of the particle at distance 

distance ^ to the right in time t. The displacement at /=0 of the particle 

at distance ( .v— from O is from equation (67) a sin which is 

also the displacement y at time t of the particle at distance x from O. 




. 2tt [ Xt 

a sin — I 

A \ T 


. r, .X t 

. >-=asm 27r|--- 


( 68 ) 


which is the required general equation of a si^ie wave, wave-length A, 
amplitude < 3 , moving to the right with velocity The reader will notice 

that V depends both on x and t, because the particles of the medium are 
displaced due to the imposition of a wave form on the medium and the 
wave form itself is moving. 

The motion of any particular particle of the medium can be deduced 
by keeping a: constant. If we consider the particle at O, putting a:= 0 in 

equation (68) 




. Itt 
a sin -~t 

T 


(69) 


which is the equation of a simple harmonic motion of period T. Thus 
the passage of the wave causes the particle to execute a S.H.M. of the 
same period and amplitude as the wave. Considering a particle at a 
constant distance x from O, its equation of motion is given by equation 
(68), X being constant, and this is the equation of S.H.M. of period T and 
amplitude a, the sole effect of the constant term in x being to introduce 


a phase difference of In ^ between this particle and the particle at O. As 

A 

.V increases from 0 to A, this phase difference increases from 0 to 2rr, so 
iliat a particle at distance A from O executes an S.H.M. exactly in phase 
with that of the particle at O. So the passage of the sine wave throng 1 
the medium causes each particle to describe a S.H.M. of the same 
period and amplitude as those of the wave but with progressive y 
varying phase. If the particles vibrate at right angles to the direction 
of propagation of the wave form, the waves are transverse ; if they vibrate 
in the same direction, the waves are longitudinal. 
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can also see that the equation represents the movement of ^ 
form by considering the relation between y and * at two msunts. 


say tsssO and ^=^1 


form 


y 


a sin Ztt- 

A 


and at the second instant by 


y=sa sin Zrr 


(H) 


Each equation, regarding t, as constant, represents a sine graph of wave- 
length A ; in the first case the least positive value of x for which U is 
0. In the second case, the least positive value of a; for which jv=0 is 

So the wave form has travelled a distance — /i to the right in 


A 


time ti and therefore its velocity v is given by 


A 


V 


T 


:/A 


(70) 


where / is the frequency of the waves. 

All these deductions about the behaviour of this ideally simple wave 

agree with those deduced by the graphical method of aA-rt. 110, but the 
mathematical analysis is necessary to show that sine waves involve S.H.M. 
of the particles of the medium. The graphical method can only prove 
that the propagation of a wave form with type unchanged involves just 
some vibration of the particles of the medium ; it cannot give the con- 
nection between the type of wave form and the type of vibration. 


120. THE COMPOSITION OF SIMPLE HARMONIC MOTIONS 
AT RIGHT ANGLES 

As we shall come across examples of a particle executing two S.H.M. ’s 
of the same period at the same time in directions at right angles in some 
of the phenomena of light, we will deduce 
the resultant of such motions here, so that 
we can use the result when we want it. 

Let the S.H.M ’s be along the axes of co- 
ordinates XOX' and YOY' (Fig. 190) ; if 

the displacements of the particle are x and 
y respectively at time then its resultant 
position is at P, whose co-ordinates are x 
and y. Our problem is to find the locus of 
P, which should be independent of t. We 


cases 


% 

occur in Light. 


Y 

1 

• . y) 

X' 0 

X 

1 

r 


Y 


Fig. 

190. 
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are in phase and of different amplitude 


Let them be represented by the equations 



(b.a) 


x=a smci)/ 

y=bsmaii 

Dividing the two equations we have 

y_b 

X a 

which is the equation to a straight line 

making an angle tan“^ - with the x axis (Fig. 

a 

191). The particle describes a to-and-fro motion along this line in the 
same time as the common period of the S.H.M.’s. If the amplitudes 
are equal, the line is at 45° to the axes of co-ordinates. 


Case 2 : The S.H.M.’s are - out of phase and the amplitudes 
are unequal. 

Let them be represented by the equations 

x—a sin cot 





b cos cot 
sin ^cot 

cos ^cot 


Y 



.Y'l 

Fig. 192. 
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Adding these two equations, we have 
which is the equation to an eUipse 

describes this eUipse once in each period of the com^nent S.H.M. . 
If the amplitudes are equal, the ellipse becomes the circle 

Case 3 : The S.H.M.’s are tt out of phase and the amplitudes 
unequal. 

Let them be represented by the equations 

x=a sin co/ 

4 

y=b sin (cu^+tt) 


or^ 


b sin (xit 


Dividing the two equations we have 


y 


b 


a 


b 


which is the equation to a straight line making an angle — tan i - with 



the X axis (Fig. 193). The particle describes one to-and-fro motion along 

this line in the common period of the S.H.M.’s. 

We are now armed with the technical equipment we need for further 
conquests. Let us push on into the unknown, following first the signpost 

labelled interference. 


EXAMPLES ON CHAPTER XII 


1. Give an elementary account of the wave theory of light, and prove by its 
means that the focal length of a concave mirror is equal to half its radius of cur- 
vature. (O.andC.) 
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2 . What are the principal characteristics of wave motion ? 

By considering the refraction of a plane wave at a plane surface, show hov/ the 
laws of refraction of light can be explained on the wave theory. (O. and C.) 

3. By considering the case of a plane wave incident obliquely on a plane refract- 
ing surface, explain the refraction of light on the wave theory. 

An air cell consisting of two vertical parallel plates of glass separated by an air 
film can be rotated about a vertical axis in a liquid. Explain how you would 
use the apparatus to find the refractive index of the liquid, and prove any formula 
you would use. (Camb. Schol.) 

4. A plane wave front in water is incident on the plane face separating the 
water from air at an angle of (a) 30°, (b) 60°. Use Huygens’ Principle to construct 
the refracted wave front in each case. Does this lead to an explanation of the 
impossibility of refraction under certain conditions ? 

5. Explain the principle of superposition and secondary wave as used in the 
wave theory of light and show how Huygens deduced the laws of refraction by 
means of the theory. 

How is total internal reflection explained by Huygens’ theory } {N.U.J.B.) 

6. Light from a point source falls on the plane surface of a transparent medium 

of refractive index fi. Discuss the ensuing phenomena from the point of view of 
the wave theory of light. (O. and C.) 

7. On the basis of the wave theory deduce the laws of reflection of light in the 
case v.'here the velocity after reflection differs from the velocity before reflection. 

(Camb. Schol.) 

8 . Employ the wave theory of light to account for the dispersion of light by a 
transparent prism. 

What information about the optical properties of a substance may be gained 
from measurements relating its refractive index with the wave-length of light it 
transmits ? (Camb. Schol.) 

9. Explain, on the basis of the wave theory of light, how a lens forms an image 
of a point on its axis. 

Use the ideas of the wave theory to deduce an expression for the focal length 
of the lens, pointing out very clearly the assumptions made. Point out which of 
these assumptions are not true in practice, and in what way an actual lens may 
differ from the simple theoretical lens as a result. (Camb. Schol.) 

10. Apply the principles of the wave theory to find the relation between Ae 
focal length of a thin lens, the radii of curvature of the surfaces, and the refractive 
index of the material. 

If a convex lens of focal length 15 cm., made of glass of refractive index 1'52, 
is totally immersed in a liquid of refractive index 1-35, how will its focal length 
be affected ? (Camb. Schol.) 

1 1 . Describe an experiment which you regard as proving decisively that light 

consists of a wave motion. _ 

Indicate how a convex lens converges a parallel beam of light waves to a tocus. 

(Oxford Schol.) 

4 

12. Apply the principles of the wave theory to establish the formula 


for a thin lens. , , ■. r .... - 

A ray of light is incident in a direction parallel to the axis on one «« o* a 

thin double convex lens of refractive index IS, and, after two mtert^ reflections, 
fjl from the centre of the lens. 

1 3 Discuss the phenomenon of interference, stating what effects can 
and what conditions must be satisfied in order to observe them. Illustrate your 

answer from as many branches of physics as possible. 
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IX A “ seconds ” pendulum, whose periodic tune is two seconds, has sn 
tu^'of 10-^0^. Fi^its maximum velocity, maximum acoel^tum, 

di <L^ceLnt is 5 0 cm., and its din»l-«ment when its velocity is hatf 

the maximum value. 

15 Describe precisely the type of motion which is represented by the equation 


f sAsin 


tH 


where f is the displacement of the medium at a distance * from ^ on gm^t t» 
thTtiiM and A, T, A. are constants. Hence show how two v^ve 
in opposite directions may in cer^ circums^ces give nse to a set 

Give some examples of this type of wave motion. {Comb. 

16 Discuss the combination of two S.H.M.’s of the same period along two linea 
at ri^t angles to each other. What type of motion would you expect, if the tw 
periils w not quite equal ? Can you devise a way of lUustratmg such a motion 

with a simple pendulum ? 
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120. THE REALISATION OF INTERFERENCE WITH LIGHT 

How are we to obtain interference fringes with light ? What sort of 
apparatus must we set up ? Is it any use taking two pin-holes illuminated 
by white light or sodium light and looking for fringes on a screen placed 
a few centimetres away ? We may say at once that an experiment of this 
kind meets with no success and this is hardly surprising, as it bears only 
a superficial resemblance to the conditions under which interference was 
obtained with water waves and sound. Let us examine those conditions 
a little more closely, so that we may know the precise experimental arrange- 
ment most likely to lead to success in light. We have seen that' inter- 
ference can be obtained with two separate tuning forks in sound ; but 
it is common knowledge that it is not obtainea with two separate violins 
or two separate singers emitting the same note. What is the reason for 
this Let us imagine that we are equidistant from the two singers ; we 
should expect to be at a place of maximum sound and the amplitude should 
be double and so the loudness four times that with a single singer. 
But we only hear double the sound of one singer. If we move off 
to one side, we never get into a patch of silence. Is the explanation on 
these lines } We are only at a place of maximum sound, if the two sources 
are in phase. But if their phase difference is continually changing, now 
zero, now tt, and so on many times a second, we shall be now at a position 
of maximum sound, now^ at place of silence and so on, these changes 
succeeding one another many times a second. So we shall hear a sound 
of uniform loudness and the same thing will be true of any other place. 
To put it in another way, the continual changes in phase difference 
between the sources causes a continual movement of the interference 
fringes, so that they cannot be detected. Whether our explanation 
be true or not, it is a fact that interference cannot be detected with inde- 
pendent sources such as violins or voices in sound. It is possible with 
tuning forks, because their phase difference is constant, if their frequencies 
are the same. But it is quite possible to obtain interference with any 
type of sound source, if two sources are derived from one source. ^ This 
be done by causing a whistle to be placed near a mirror, when inter- 


can 


ference is obtained between the direct waves and those reflected from 
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the mirror. In this case both waves co^ ^^e"thc and its 
two sources derived from t ® difference between tvro 

ference. Such ta4 fi„t"condition 

™ must be derived from a common source m practice.. 

^ Saft^ Se width with two point sources d«^ 
the wave-length decreases. Since white light consists of 
” loum. Aat is, ofdifferent wave-lengths on the wave theory, we h^* 

This wUlT^duce blurring and may make it difficult to detect the inter- 
ference so we had better begin by using light of one colour, or rn 
Simmatic light, as it is called. Then we shall bright and dark r 

We have also seen that, if light is waves, its wa^dength is lAety 
to be very small, otherwise it would show appreciable diffraction. Sm« 
the frin^ width gets less, the less the wave-length, the tog« ^ 

so close together that we shall not be able to see them. We had better 
do all we can to make them far apart. So we must put the 
close together and put the screen as far as possible from them, since the 
distance apart of the fringes gets bigger M the distance ap^ of the 
sources decreases and as their distance from the screen increases (Art. ). 
Finally we could replace the screen and the naked eye by an eyepiece, 

-y ^ , €Sat int*»r ference 


necessary 


fringes in light if we use coherent sources emitting mono- 
chromatic light, put the sources as close together as possible, 
and put the screen of observation as far from them as 


possible. . . r 

We are now in a position to design our interference apparatus. lJut 

it is not necessary, because it has already been set up for us I In fact, 

the phenomenon had already been discovered a hundred years before 

it was recognised ! This frequently happens in the course of scientific 

investigation. Nature whispers, but it may be that no one is sufficiently 

curious or sensitive to truth to perceive the whisper. Or it may be that 

the message is too mysterious to be understood. One of the things which 

helped Rontgen to discover X-rays was the fogging of photographic 

plates wrapped in black paper near a discharge tube. Rontgen followed 

up this whisper of Nature and other clues and discovered X-rays. After 

he had announced his discovery, an English physicist said that he had 

noticed the fogging of photographic plates, but he had just moved his 

plates further away. He was not sensitive to the whisper of Nature, so 

he saved his plates but he lost the X-rays ! In the present case the 

whisper of Nature had been noticed by Grimaldi in that he had discovered 
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the equally spaced dark and bright bands inside the shadow of a narrow 
obstacle cast by an illuminated slit. This showed that all was not well 
with rectilinear propagation, but Grimaldi and his successors were not 
able to fit this clue into any rational scheme. But a hundred years later, 
Young saw that these equally spaced dark and bright bands were inter- 
ference fringes, the two sources being the light wliich bends Tound each 
edge of the narrow obstacle. We shall see shortly that mathematical 
theory leads to the expectation of equally spaced bands under the 
conditions of this experiment, where we have two sources very close 
together and the screen a long way from the sources. We see that the 
experiment accidentally reproduces all the conditions we have discussed, 
as the two sources are coherent being derived from the single illuminated 
slit. Young clinched the argument by preventing light from one edge of 
the obstacle from reaching the screen and the fringes disappeared and 
were replaced by a faint uniform illumination. Thus interference has 
been obtained with light and reveals the characteristic that light 
added to light produces darkness, the dark fringes disappearing 
when only one beam of light is used. A further confirmation that the 
bands were interference fringes was made by showing that no fringes 
were obtained when a wide obstacle was used. This is because the light 
does not bend round into the geometrical shadow sufficiently to enable 
the two beams to cross and interference only occurs where two wave 
trains cross. We must not be too hasty in accepting this evidence 4iow- 
ever. The interfering beams are rather peculiar ; they are not light rays 
in the ordinary sense, they are rays which have bent into the geometrical 
shadow. But the enthusiastic supporter of the wave theory will reply 
that this is diffraction, another property we seek in light, so why worry } 
But it would be just as well to get interference with ordinary rays of 
light, and we must do another vitally important thing ; we must measure 
the wave-length of light in numbers and see if different colours do have 
different wave-lengths as we anticipate. We shall now proceed to various 
ways of doing this and putting the phenomenon of interference in light 
bevond all dispute, noticing on the way that \oung also saw that Newton s 
rings could be regarded as a case of interference, the two interfering 
wave trains being produced by reflection at the lower surface of the lens 
and the upper surface of the glass plate. We shall defer a consideration 

of this and similar cases to a later article. 


121. YOUNG’S SLITS 

The first deliberate attempt to produce interference in light was due to 
Young and is known as Young’s Slits and a horizontal cross-section of 
his apparatus is showm in Fig. 194. A single vertical slit S is illuminated 
by a sodium lamp L or some other source of monochromatic light. Two 
other parallel slits Sj and S 2 are placed in front of and parallel to S. 




PLATE V 



Fig. I, Interference fringes produced by 
Young’s Slits, using red light. 

(,?'• W. Cottingham) 



Fig, 2. Interference fringes produced by 
Young’s Slits, using blue light, showing 
the smaller fringe width due to the 
smaller wave-length of blue-light. 

(J. U'. ('oltin^ham) 



Fig, 3. Plane waves exhibiting a small 
amount of diffraction in passing through 
an aperture large compared to their 
wave-length. 



Fig. 4. Plane waves exh biting a large 
amount of diffraction in passing through 
an aperture of about the same size as 
their wave-length. 


( 7 . W- Cottingham) 


( y. W Cottingham ) 
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They accurately parallel to each S \alU^°n ^^th^ru 

each slit being 0 03 mm. wide. ig . interference should 

be visible in the region in which the light from S, and t-z cros 



Fig. 194. 

. , ^ rArt US’) that two point sources of waves produce 

screen will be a set of hyperbote, bo we should expect to see a set ot 
alternate dark and bright hyperbote on such a screen or in the travelling 

?:;■ ce p. arr rpmet:: rirea^i'of r<:::iVsp 

IhemLTark and bright vertical fringes. T'*’* 

S and so their phase ditference is constant. To be more precise, the wave 

emitted bv a single atom of the source L spreads out through S 
S, and S,; and a portion of this single wave front spreads out from S, and 
S, and 'these portions are always in a condition to inter ere. Mono- 
chromatic light is used, the sources are close together and the screen i a 
eood distance from them. To satisfy ourselves still turther that the 
fringes seen are due to interference, we must see it they exhibit the varia- 
tion with conditions shown by the fringes obtained with water waves 
(Art 115). If the screen or travelling eyepiece is moved turther away, 
the fringe width increases and, if the experiment is repeated with two 
slits closer together, the fringe w idth at a given distance trom the sotirc^ 
also increases (Plate V). Finally, the fringes do disappear it one ot the 
sources be covered up showing that it is light added to light w hich pro- 
duces darkness. Thus it is certain that the fringes are genuine imerterence 
fringes. The fringes are closer together for blue than for red light, 
showing that the wave-length of blue light is less than that of red light. 
We must noiv consider the theory ot the fringes, first to verify that 
equally spaced fringes arc what we should expect and secondly to see if 

w'c con ^ct tlic \v 3 vc“lcn 2 [tH of from tins experiment. 

Taet Si and S, (Fig. 195; represent two point sources a distances apart 
emitting waves of wave-length A in the same phase and let interterence 
be profiuced on a screen at a distance d from the plane of the tw'O sources. 

* _ . . - - « • • 1 • t“ ...I* _ 


on 


sources and the first bright fringe occurs at the point A where S 2 A — S,A 




(S2P-S,P)= 


2xiS 

SjP+SjP 


In all the cases of interference we shall consider, 5=0-3 mm., </=30 cm., 
and Xi = 5 mm. are typical values, and so the error in putting 82?+ SiP=2i 



Fig. 195 . 


is less than 1 per cent., which is well within the accuracy with which 
the fringe- widths can be measured. Making this approximation, we 
have 


S2P-SiP=^ 

d 

Since P is at the nth. fringe, 

S2P-SiP=wA 



If the (n-f* 1 )^ bright fringe is at Q, a distance X2 from O, 


X 


(n+l)^A 



and the fringe-width oj is given by 


Ct) — ^2 


This is 




independent of the distance of the fringes from O and so our 
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observation of equally spaccu 

finned theoretically. measure the wave-length of light 

This result also shows us by means of the 

from these distance between as Urge a number of 

of frmges. We work w.th the dark mther than the ^ , 

they are the narrower, ^ ^ . centre of a dark than a bright 

of the eyepiece more ^ slits to the cross-wires, W, 

eyTp^^rr::alrb^ Ue f ^ 

TeasS ^^^=30.0^^*! 

TJslZt 

turns out to be about 8 ) 


5-90 X 10-5 cm.. 


tumsout tobeaoom 0^10 -^ ^ additional reason for 

sources while the experiment uses two slits. But the two shts may be 
regarded as a set of pairs of point sources, any one pair being in *he same 
horizontal line. Each pair will produce equally spaced vertical dark and 
bright fringes and the different sets will fit over one another 

eNpfrimeiit. This may seem surprising m view ot the way in wh ch 


experiment. 1 his may seem surpuMu^ t.t > ... 

both the qualitative and quantitative tacts about the hinges ht the 
theoretical predictions. But the objection was based on the ground that 
if light travels in straight lines, there can be no crossing of the light which 
emerges from S and then goes through Sj and S 2 . The interterence 
fringes have not been obtained with ordinary rays of light, but only with 
light which has bent round the corner of a narrow aperture. 'Fhcrc is 
certainly something in this objection and Fresnel devised two experiments 
which succeeded in disposing of it by arranging for the crossing of rays 
of light which had travelled in straight lines. We shall discuss these and 
a number of other cases of interference with two point sources and the 
reader will see that, in ever>' case, the fundamental feature of the apparatus 
is a method for making two light sources out of a single source, so that 

their phase difference shall be constant. 

122. FRESNEL’S BI-PRISM 

Fresnel’s first arrangement for producing two sources out of one is the 
bi-piism, which is a single prism, one of whose angles is of the ordtr of 
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179 20 and the other two are 20'. It is used as two prisms each of 
refracting angle 20'. A horizontal cross-section of the apparatus is shown 
in Fig. 196, in which S represents a vertical slit, illuminated with mono- 
chromatic light, placed some 5 cm. from the bi-prism B, whose two refract- 
ing edges are vertical. Each half of the bi-prism produces an image 
of the slit S and these two images Sj and S 2 can be seen with the naked 
eye, if it is placed on the other side of the bi-prism from the slit S. The 
distance of S from the bi-prism is adjusted until the images are very 
close together (about 0-3 mm. is a suitable value) and the slit S is rotated 



Fig. 196. 


in its own plane until the two images are parallel to one another. Equally 
spaced interference fringes can then be seen on a vertical screen placed 
about 30 cm. from the bi-prism or they can be observed in a travelling 
eyepiece P. The fringe-width increases if the eyepiece is moved further 
from the bi-prism or if the sources Sj and S 2 are moved closer together 
by moving the slit S nearer to the bi-prism and they can be made to dis- 
appear by covering up one half of the bi-prism. There can be no doubt 
that these are interference fringes, for they satisfy all the qualitative and 
quantitative requirements of the theory and the beams of light are made 
to cross by refraction instead of by a process, diffraction, which was not 
understood in Young’s time. 

The wave-length of light can be measured in the following way. The 
fringe-width, a;, is found as in Young’s slits by the travelling eyepiece. 
The distance apart 5- of the sources and their distance d from the cross- 
wires of the eyepiece are found by putting a lens in the position Lj 
between S and W and adjusting it so that images of and S 2 fall on 
the cross-wires of the eyepiece and so can be seen in focus. The 
distance apart of these images is measured by the eyepiece and also 
the distance a from the lens to the cross-wires. The lens is now moved 
to the second position L 2 , which will bring sharply focussed images of 
Sj and S 2 in the eyepiece. The distance $2 between these images is 
measured as before and the distance b from the lens to the cross-wires. 

The reader should have no difficulty in . proving that s=\/sjS 2 and 
d~a-\-b. The wave-length of light can then be calculated by substituting 
these values of a»,f, and d in equation (71). The value obtained for sodium 
yellow light, for example, agrees within the limits of experimental error 
with that obtained from Young’s slits. 
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horizontal front of wo mirrora Mi and M,. 

™de of blackV. «> ““^y 



Fig. 197. 

takes place The line of intersection of the front surfaces of Wo 

adjusted to be vertical and the mirror M, ^e muted aW 
this line as axis An eye is placed so that the images Sj and ot the 
S in ™rrors can be seen ; when M. and are m the ^e 

Lglc needed to produce two images Sj and S 2 about ^03 cm. ap . 
The angle between the mirrors is then about 10 . Interference fringes 
can then be seen in the travelUng eyepiece P which is placed m the region 
where the light from Si and S 2 crosses, or the fringes can seen on a 
screen placed in the same region. These frmges are much harder to 
obtain than those with the bi-prism, since only a small fraction of the 
light emerging from the slit S is reflected from the mirrors and the 
bright fringes are of small intensity. Great care must be taken to exclude 
all stray light, including light which comes direct from the source b 
itself, and the experiment must be carried out in a dark room. W hen the 
fringes have been obtained and their contrast has been adjusted to be a 
maximum, the wave-length of light is measured as with the bi-prisrn and 
the results obtained for sodium yellow light, for example, agree within the 
limits of experimental error with those found from the previous two 

methods. 


124. BILLET’S SPLIT LENS 

So great was the interest aroused in the phenomenon of interference, 
that many other attempts were made to produce interference with two 
point sources. These varieties are simply different ways of making 
two sources out of one. Billet’s split lens is one of these 
of the illuminated slit S (Fig. 198) are produced by splitting a lens into 
txi/r. rkortc alnna a diameter of its circular outline and movine them a 


and two images 
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small distance apart, until the images are a suitable distance from one 
another as seen by the naked eye. Fringes can then be seen on a screen 

or in an eyepiece placed at 

P in the region where the 

light from the two sour(;es 

crosses. An alternative 

way of using the split lens 
is shown in Fig. 199 and produces one source behind the other. Since the 

two point sources produce fringes which are hyperboloids of revolutions 
about S 1 S 2 as axis, the intersection of these hyperboloids with a screen 
normal to the axis of the lens is a set of circles and circular fringes are 
produced in this case. 

125. LLOYD’S SINGLE MIRROR 

* 

A vertical slit S (Fig. 200) illuminated with monochromatic light is 
placed close to the front surface of a glass plate M, which is adjusted so 
that its front surface is in a vertical plane. An image Sj of S is produced 



Fig. 200. 


by reflection in the front surface of M and interference occurs between 
the two sources S and S^, in other words, between the direct and reflected 
rays from S. The source S is moved towards M until the slit and its 
image Sj are about 0-03 cm. apart as seen by the naked eye, and the slit 
is then rotated until it is parallel to its image. Interference fringes 
can then be seen either on a vertical screen or in a travelling eyepiece 
placed in the region of P, where the direct and reflected rays cross. The 
wave-length of light can be measured in the same way as with the 
bi-prism and the values obtained agree within the limits of experimental 
error with those obtained from the previous methods. These fringes 
are quite easy to obtain ; the amplitudes of the direct and reflected 
waves are about equal, since the light falls on the front surface of the 
glass plate so obliquely that a large percentage of the incident light is 
reflected. This equality of the amplitudes of the two wave trains is 
important in practice, otherwise the dark fringes are nearly as bright 
as those of maximum intensity and the contrast between the dark and 
bright fringes is so poor, that it is diflicult to see them at all. There is 
no need to worry about light reflected from the back surface of the plate, 
as the image of the slit in the back surface is too far away from either 
S or Sj to produce fringes wide enough to be seen. 

The fringes produced by Lloyd’s single mirror are different from those 
obtained by the previous methods, in that only one half of the field can 
be seen. To be quite accurate rather less than one half of the field is 


t 



Fig. 199. 
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visible, the central fringe of zero path different being mvisi^. 

it lies on the right bisector of S and Sj which is on the surfece of *e 

oUte M produced and no reflected light can reach this pomt. Bw the 

fringe of zero path difference can be made visible by moving it away 

from the right bisector of S and Si by the insertion of a thm pi^ of mi« 
t .t .r mica has a thickness its 


cm. of air by t cm. of mica, which is equivalent 


mica 


the 


beam is increased 


imea 


the place of zero path difference is moved upwards by — — innges 


A 


thickness 


difference can be made visible. When this is done, it is found to be 

and not a bright one, as would be anticipated. Incidentally 


dark fringe 


central fringe ; it is only necessary 


to replace the monochromatic light by white light, when the central 
fringe becomes the only white fringe visible, because it is the only place 
which is a maximum for all wave-lengths. But in this case, that fringe 
was black instead of white ! There can only be one explanation of this, 
namely that the reflected ray suffers a tt change of phase on reflec 


tion. 


and vice-versa. If this 


— — — w 

is the case, then a crest from S will arrive at the same time as a trough 
from Sj at the point of zero path difference and a black fringe will 
be produced. In this case the fringes are bright or dark according 

as the path difference is {2n-\- 1)^ or nA, where n is an integer. 

This important result can be verified and extended theoretically by 
using the principle of the reversibility of rays of light. If a ray of ampli- 
tude a is incident on a plane surface of a 
more dense medium, a reflected ray of 
amplitude ar and a refracted ray* of 
amplitude at arc produced, where r and 
t are the reflecting and transmitting co- 
efficients of the medium respectively (Fig. 

201), If the reflected and refracted rays 
are reversed, they should produce the in- 
cident ray only. The reflected ray will 
produce a transmitted ray in the more 
dense medium of amplitude art, while the 
refracted ray will produce a reflected ray in the more dense medium of 
amplitude atr , where r' is the reflecting coefficient for light reflected in 

the more dense medium. But there must be no ray in the more dense 
medium and so 



r 


Fig. 201. 


art-}-atr' = o 
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phase 


and so this result proves that there iVtio'^h^srcLrgrw^fr: 

more dense medium « i ^ a 


more dense medium is reflected at the boundary of air. 


We 

r- ui tne ways ot producing interference 

1 ges with two point or slit sources by mentioning some features 

common tn all r»acoo i , ® . . •features, 


b. Fi„„p 

parallel to the parallel slits in Yoima’s c;iifc nt- ♦Ua. _ • .v • 


parallel to the parallel slits in Young's SHu, o'r to The Hr/oin^gT^ 
.TeT" of ‘he prism in 


:L;ttrr practice h*y getting itTougMy 


right by eye when fringes are usually seen. Th;r;h7,i*;^ 

in Its nvun ,,.r. 4 .;i f ’ f 6 AO IWLAICU 


* . ^ ^ w-*, * leAXV 91 Alfc 

m Its own plane, until fringes of greatest contrast are seen. 


p:hr:;t'"T 7r '“H-- 

POhlt Oi the 5;inf7le olit ic r\r% ^ 


• T 1*. • , ® o auppuSC ODC 

point of he single sht is on the right bisector of the two pointe in the 

narallfa! cllto • ^1 , . . - t' All MIC 


parallel slits, which are in the same horizontal plane a. the one ^^iS 


r • 09 tllC UUC pOUll. 

n the fringe of zero path difference is on the right bisector of those 

I W 7 t f* O Of ^ Vv 1 « ^ . .1 • a - 


e - — U1 tliose 

two points, since the light from the point in the single slit arrives at 


ai ^ 'I «*-*** vxxvr ©lit aznves at 

ose two points in phase. If the single slit is parallel to the double slits. 


j x* • r iVif f ^ ® Lw tiic uuuuic siiis, 

this condition is fulfilled for all the sets of three points into which the 

Q I 1 T C O f^ F\ A O I » ^ ^ M. J ^ . 1 . 1 ^ • 


,. . Ill, AllLKJ Wiin;u me 

silts can be analysed and so the separate fringe system, produced by the 

nf r\/\tr\tt> oil i -rx • 


r • n n ^ ^ piv/sauLaCU UV mC 

sets of points all fit on to one another. But, if the single slit is inclined 

Tfl norollxil Ollf-O ^ _ f • - . - . ^ 


ai _ n , ^ ^ out llicuncu 

he parallel slits, we can easily find a point which is so far off the right 


t . ^ ^ ^ ” I wxxxwx lo ^Kj lOL uli tiie rigm 

bisector of the two points in the parallel slits in the same horizontal plJie 


.... - , ^ iiuiikiuiitai plane 

as Itself that the light from it reaches those two points ,r out of phase. 


. , , . — 7T uui oi pnase. 

Hence the fringe on the right bisector of these two points is a dark fringe 

d niA tf’O ^ ^ A. ^ A. _ X -1 - . _ O 


- ^ ^ wTfw ^v^xiiLo a Lluiis. irinxc 

and Its set of fringes does not fit on to those produced by the first set 
of points considered. This type of effect is obviously going to cause 
blurring of the fringes due to an inexact fit and will spoil the contrast 
of the fringes. The second adjustment which must be made is to make 
the slit as narrow as is consistent with having the bright fringes easily 
visible. If the slit is too wide, the contrast of the fringes decreases. This 
is due to the fact that a slit of finite width can be analysed into a set of 


IIILU a OCt Ui 

geometrical lines each in different positions, each sending light to the 

oltf'O or^,^ ^ .J * iT* > 1 t • _ _ , _ _ . 


parallel slits and each having a different phase difference at the parallel slits. 


1 Ole tlic pai<iiiciain.». 

bo each line slit will produce a set of fringes of its own with the central 


xvo wwii WILII tlic ecuuiitl 

bright fringe in a slightly different position and this inexact fit produces 
a poor contrast. Finally, there is one other interesting point about the 
interference fringes which we have considered. We have already seen 
that interference effects can only be observed at the places where two 
trains of waves actually cross. But there is a wide region of space in which 
such crossing occurs, so that it is not necessary to put the observing screen 
or to focus the eyepiece on any special place. For that reason this class of 


^ A Jr X 

fringes is called non-localised fringes. 
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126. INTERFERENCE WITH WHITE LIGHT 

What wUl happen if we replace monochromatic light mth white ^hi 
in the above iL of interference ? What effecte shaU, expect U 
observe ? We have already seen that the fringe of P** 


fi nding the central 


and 

what will happen 


as we go further out from the centre to places of greatef 
it is bit to consider some numerical examples. Taking the limits of 
the visible spectrum as 8x10-5 cm. and 4x10-5 cm we see that 
the violet will be absent at the place where the path difference is 
2x10-5 cm., but there is not complete destructive interference for any 
other colour. So we shall see white light deprived of violet, which is 
a reddish tint. Further out, where the path difference is 4x10 cm., 
the violet will be a maximum while the red is absent, so that we shall see 
violet here. The central white fringe is bordered by a red fringe, followed 
by a violet fringe on either side. At a place where the path difference is 

16x10-5 cm., wave-lengths given by (2«+l)^=16x 10-5 will be absent 

and the only values lying within the visible spectrum are given by n— 2 
and 3 and are 6-4 X 10-5 cm. and 4*6 X 10-5 cm. respectively, lying in the 
orange and blue. The resultant colour here is white minus orange and 
blue ; red and green will be particularly strong with some violet and 
the colour will be a greenish yellow. At the place where the path 
difference is 40x10-5 cm., wave-lengths given by (2n-f-l) = 40x 10-5 
will be absent and the values of n equal to 5, 6, 7, 8. 9 give wave-lengths 
lying in the visible spectrum. They are 7-3 X 10-5, 6-2 X 10-5, 5.3 x 10 5, 

4-7 X 10 


4-2x10-5 cm. respectively. When five wave-lengths fairly 
evenly distributed throughout the spectrum are absent from the light 
the unaided eye cannot distinguish it from white light, and the greater 
the path difference the more such wave-length sarc absent and the more 
nearly this becomes true. So we see that with white light we get a white 
fringe at the point of zero path difference and a few coloured fringes on 
either side, fading off into uniform white light after some ten fringes. Of 
course, a spectrometer could detect the difference betw'een white light 
and the light at the point of path difference 40 X 10-5 cm., for, if the slit 
of the spectrometer w'ere placed at this point parallel to the fringes, the 
resulting spectrum would be crossed by five dark bands occupying the 
positions corresponding to the w'ave-lengths given above. 


127. ACHROMATIC FRINGES 


Is it possible to obtain pure black and white fringes using white light ? 
This could be done if it were possible to fix up some arrangement which 
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would produce fringes whose width was independent of the wave-len?th 
he expression for the fringe-width obtained with two point sources 

s 


shows that this is possible if — can be kept constant. This can be done 

s 

by making either ^ constant or dX constant or by a combination of the 

two It turns out that the first of the three possibilities can be realised 
with Lloyd s single mirror by using a slit illuminated by a narrow spectrum 
as the source (Fig. 202). The spectrum is produced by an achromatic 
lens and the violet end is arranged to be the nearer to the front surface 
of the glass plate M. Then interference occurs between the source 



Fig. 202. 

VR and its reflection ViRj in the front surface of the glass plate, violet 
fringes being produced by Wj, red fringes by RRj, and so on. If the 

distance of VR from the surface of the glass plate is correctly adjusted, - 

s 

can be made constant. Fringes are seen in the region of P either on a 
screen or in an eyepiece and, in practice, the distance of VR from the 
glass plate is adjusted until the fringes are as nearly black and white as 
possible. As the distance apart of the sources in monochromatic light 
is of the order of 0 03 cm., if Wj is made equal to this, then RRj will 
be 0-06 cm. at the correct adjustment, which means that the spectrum 
will be only 0*015 cm. long. Such a narrow spectrum can only be 
obtained either with a prism of small angle or with a diffraction grating 
(Art. 142) with about 200 lines per centimetre. 


128. THE COLOURS OF THIN FILMS 

The success of these experiments deliberately designed to produce 
interference in light led to increased interest in this topic and redirected 
attention to the colours of thin films and similar phenomena, which had 
been observed and discussed by Newton and Hooke. Everyone has seen 
the exquisite colours produced by a film of oil on the surface of a puddle 
on the road and many readers will have seen sipiilar colours produced 
artificially by light reflected from a soap film. Hooke observed such 
colours in thin flakes of mica and similar natural thin plates and Newton 
described with typical care and accuracy the rings obtained when a convex 
lens rests on a plate of glass (Art. 97). We have already seen that Nek ton’s 
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“ r^KoS". 

explanation of the colours ° P hundred years, until Young 

But no further progress wM made coh^t sources and. 

saw that the essential condiUons or differences These conditions, 

were repUced by alternate dark and bright m ^ 6^^ 

T“tna\ucT®aU*^XfSl™ so the possibility of snmU 

“'Tr^“”'we^hl”ow /detaU. dealing with some 

ESthe-s^c^— — ^ thinhS'concludi^g 

"‘if “e (Fr203) focusses on the point A on the top surfare of a 
thin ft W Us from the point source S can pass through A. the 

ray 1 which is reflected from ^e 


and 


and 


bottom 



two 


If there is a minimum at A, there 
a.w#.fnT-A nrpHirt what the eve will 


op surface 

UC 1 til - i' 

at A. These rays are coherent, 
since they have started from the 
same point of the source, and since 
they cross at the point A, interfer- 
ence effects can be seen there. 

Since A ' is the image of A formed 
on the retina of the eye, the differ- 
ence in path of the two rays be- 
tween A and A' is zero ; therefore ti 
and 2 at A' is the same as that at A. 
will be a minimum at A' ; we can 
record by finding the effect at A. 

The path difference between the - . , - 

help of Fig 204, in which it must be remembered that the film is only 

a few wave-lengths thick and that the angle d between the two surfaces 

of the film is never more than a few minutes, w’hile the source and eye 

are usually several centimetres away from it. Therefore the rays SA 

and SB are parallel within the limits of experimental error and, if BC is 

drawn perpendicular to SA, SB = SC. BEA is the path of the ray SB 

after striking the top surface of the film, AD is perpendicular to BE and 

BE is produced to F to make EF=EA. If AF is joined, it follows that 

EAF is an isosceles triangle, whose angle at E is bisected by the bottom 

surface of the film and so AF is equal to 2e, where e is the tliickaess of 


two 
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R ***?* **°"8 SA and SB arrive at 

A htwJTf ^ **“ **•* point 


8 


of film 


air 



AC in air 


the film 


film 


(DE+EA) of film 
:n(DE-f-EA) cm. of air 

=«DF 


where n 


film 


But DF=AF cos EFA 
=AF cos (r-^d) 




E' 




Fig. 204. 


where r — angle of inclination of the ray 
SB in the film 

==AF cos r 

within the limits of experimental error, 
since d is only a few minutes of arc. 

.*. AF cos r 


8~2ne cos r 


(72) 


We must emphas.se that the rays SA and SB are practically parallel, 
as may be seen from the fact that AB is 10-4 cm. and SA=10 cm. in a 

typical case so the angle r may be used indiscriminately to denote the 
angle or inclination in the film of either SA or SB. 

We may now use this equation to predict what will happen in four 
special y simple cases. In the first case the incident light is parallel and 
monochromatic and the faces of the film are plane and parallel to one 
another Both e and r are constant, so 8 is constant for all points of the 
him. If It IS an integral number of wave-lengths, the film will be dark all 
over, because of the tt change in phase suffered by the ray SA at reflection 
at the more dense medium, there being no phase change when the ray 
IS reflected at the less dense medium, air. If the path difference is 
an odd number of half waves, the illumination of the film is everywhere 
a maximum and, if it lies in between these possibilities, the illumination 
will be of constant intensity at every point. So in this case, the illumina- 
tion of the film seen by reflected light will be uniform. In the 
second case, the incident light is parallel and white, the film being of 
constant thickness as before. Again e and r and therefore 8 are constant, 
so those wave-lengths for which the path difference is an integral number 
of waves will be absent from the reflected light. Hence the film will 
have a uniform coloration ; it will look the same colour all over. We 
should mention here that, if a broad beam of strictlv oarallel li?ht is 
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i„dd»t on the 6hn. only a ere. 

visible by reflected Ught at any one position of the eye , this 

which can reflect light into the pupil 
of the eye and so will have about the 
same area as the pupil of the eye 

itself. Different parts of the film can 

be scanned by the eye, however, by 
moving it about and the point is that 
the intensity will remain the same 

with monochromatic light and Ac 

colour will remain Ac same wiA 
white light. In the third ca^, 

monochromatic parallel light is in- 
cident on a film of varying thickness, 
so r is constant, while e varies ; hence 

8 varies too. There will be a mini- , • , ..k 

mum intensity in the reflected light for those thicknesses for which the path 

difference is an integral number of waves and a maximum intensity for 

thicknesses for which Ac paA difference is an odd number of half waves. 

We shall see a set of alternate dark and bright bands, any one band ^ 

a locus of constant path difference or constant thickncM of the 

film. The bands are like contours of Ae film. In Ae fourth case, it 

Ae incident light is white instead of monochromatic, we shall see a set ot 

' o r'rtntoiiT' nf thc film. Tfiis last 



Fig. 205. 


any one band 


case can 


light on to a vertical soap film formed on a circular wire frame and focussing 
an image of the soap film formed by reflected light on to a screen. As the 
soap solution drains to the bottom, making the film thinner at the top, a set 
of horizontal coloured bands forms, the colours becoming more brilliant as 
the film gets thinner. Finally a black band forms at the top of the film 
itself when its thickness is less than a wave-length, the blackness being 
due to the change in phase of the wave reflected at the front surface of the 


film. 


can 


oil on a puddle of water seen by light reflected from the sky. It is clear 
from Fig. 206 Aat the point A of the film is seen by light which 
comes from the point S of the sky, while the point A' of the film is seen 
by light coming from another point S of the sky. In general, each point 
of the film is seen by light from a different poifit of the sky, so that, 
although an extended source is used, the condition of the interfering 
trains originating from a single point of the source fs not violated. S 
send light on to A, but that light cannot enter the eye at E and con- 
tributes nothing to -the illumination of the image of A formed by the eye, 
so Aat Aose rays can be ignored for our purpose. In this case, both e 
and r vary in the diagram. But, if w'e consider a practical case ot a film 


leave 

does 
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4 

some 10 cm. in linear diniensions viewed by an eye 150 cm. vertically 
above the middle point of the film, for example, the least and greatest values 



of r are 0° and 1*7°. The cosines of these angles are 1 and 0*9996, so the 
variation of path difference due to a variation in the angle of inclination 
of the light on the film can be ignored. So we shall see a set of coloured 
bands, each band being a contour of equal thickness of the film. 
For this reason, these bands are often called fringes of equal thickness. 
The reader can easily verify for himself that this is what he does see, and 
he will notice that the colour of any particular region of the film alters, if 
the head is moved, so as to change the angle of inclination of the light 
reaching his eye from that portion of the film. It will also be seen that 
a finite area of the film can be seen for one position of the eye with an 
extended source, which is the sole effect of using an extended source com- 
pared to a point source. 


129. NEWTON’S RINGS 

Newton’s Rings can be seen and measured by the arrangement shown 
in Fig. 207. A source of monochromatic light such as a sodium flame, 
S, is placed in the local plane of the collimating lens C, so that light from 
one point of the source emerges from the lens as a horizontal parallel 
beam and falls on the glass plate G at 45° to the horizontal, where some 
of it is reflected so as to fall normally on the lens L resting on the glass 
plate P. This lens is a converging lens of focal length about 100 cm. 
and the light reflected from the plate and this lens passes through the 
glass plate G into the microscope. If the microscope is focussed on the 
air film between the lens and plate, a set of alternate dark and bright 
rings is seen ; the centre of the rings is dark and coincides with the 
point of contact of the lens and plate and the rings get closer and closer 
together as we go further out. These rings are known as Newton s 
p ? n CTCi a c thev were first observed bv Newton, and we have already seen 
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(Art. 971 that he meMured them with great care md suggestt.^ 

^oflem t««ed on a combination of^ 
all the reflection occurring at the top surface o p 


*99 





Fig. 207. 


can now see that there is an alternative explanation of t^ rings 
,rf,rence between waves reflected from the bottom surface of 


are 


the lens ana me iuu aunaww x , , j 

of the thin air film, lenticular in shape, enclosed between the and 

plate. Since the light falls normally on the air film ^e Path 
Ltween the waves reflected from the two surfaces of the film, t^* 

just the type of paths discussed m the previous article, is ^ tatog 
refractive index of air as 1 . Since the thickness of the air film increases 
as we go outwards from the point of contact of the lens and plate, we shall 
^ - j 1 . of the film for which 


n - 


nX 


where n is an integer. This is the condition for a minimum, not a maxi- 
mum since the light reflected from the top surface of the plate suffers 
a TT change in phase, the other ray suffering no phase change. Each 
fringe is a locus of constant film thickness and so is a rmg with the point 
of contact of the lens and plate as centre, since the bottom surface of the 
lens is a portion of the surface of a sphere. The rings are therefore 

another case of fringes of equal thickness. ^ 

The mathematical theory of the rings is as follow’S. If the n dark 

ring of radius pn passes through A (Fig. 208), the path difference between 
the two interfering waves is 2 AB and is equal to nX. Now AB=II)E, and 
DE(2R— DE)=BDxDH, where R==radius of curvature of the bottom 


surface of the lens. 




BD2 

'm 
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2R, which is about 200 cm. 


10-4 cm., is negligible compared 




\ 


o 


f 


But BD=AE*/>,» 

2R 

But 2 AB=mA=2DE 



• • 


Pn 


n\ 

R 


Fig. 208. 


Pn^=AR« . 

Pn='\/ nAR 


(73) 

(74) 


Thus the radii of the rings are proportional to the square roots of the 
natural numbers, which Newton found from his measurements (Art. 97) 
and which explains why the rings get closer together as we go outwards. 

The truth of this equation and of this explanation of Newton’s Rings 

can be verified by measurements made to find the wave-length of light. 

The diameter of some twenty rings starting from the centre and working 

outwards is measured with a travelling microscope and a graph of 

against n is plotted and turns out to be a straight line. The slope of this 

graph is found and is RA. The radius of curvature of the bottom surface 

of the lens is found either by a spherometer or preferably by an optical 

method, such as Boys’ method, and from this and the slope of the graph 

the value of A can be calculated. The result for sodium yellow light 

agrees with the values found by the previous methods within the limits 

of experimental error, thus confirming the truth of the wave theory 
explanation of Newton’s Rings. 

Which of the two explanations of Newton’s Rings is the true one ? 
Can we say that one is true and the other false ? Is it not more nearly 
just to say that one is a closer approximation to the truth than the other 

e should probably prefer the explanation given above, because it brings 
Newton’s Rings into line with other phenomena as one of a number of 
cases of interference, . and it is one of the functions of scientific investi- 
gation to show a connection between facts, which appear on superficial 
examination to be unrelated. Science is just ordered knowledge ; it is 
the correlation of experimental facts into a rational scheme. And the 
wave theor^-^ explanation fits Newton’s Rings into a scheme of facts related 
by the principle of interference. But a few further facts about Newton’s 
Rings will settle the matter in favour of interference and against fits of 
reflection and transmission. We have seen that the interference explana- 
tion attributes the dark centre to the tt change in phase of the wave 
reflected at the top surface of the glass plate. If a crown glass lens is 
placed on top of a flint glass plate with oil of sassafras between them, 
the crown glass is optically less dense than the oil, which is in turn less 
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dense than the flint glass. As "Aec^^th^v^ 

ere dense medium, there la experiment 

5 1^5 ^ diffi^lt to see how Newton’s theory of 

and the centre was bright 1 « 1 ^ 4 -rk tViiQ result Again, if 

fits of reflection and ,t“ angle - instead of normaUy. 

the path difference at a ^ the dJameter of the 

ference explanation. *»“« * . . , ■ ^hanUd from normal to oblique, 

rings should increa*. if “f'Xftags^hould decrease, since 

s." - ss 

entering and leaving the film ; it tne mciacui,c u film 

corpuscle will pass through more than two fits at that pom 
Td ^ that dark ring will occur at a place of less thickness and its diameter 
^ dec«a« E^riment decides in favour of the interference once 

again as the radii of the rings increase when the mcidence 
Sue Finally, it can be shown that reflection from the lower surface 

of the lens plays an essential part in the formation of the rmgs by sending 
UgLt at depolarising angle ^rt. 148) on to the lens and replacing *e 

dd can be cut out by a suitable analyser, while that from the mi^or is 

the rings should still be present, but according to the wave theory they 
should vanish. And they do vanish ! So we are finally driven to accept 

the interference theors' of Newton's Rings, partly because it oes a 

. • a-* r ^ J 1^ ^ ^ 1 rY-%r%<-ir\ bUt, 

Newton 

altnougn we nave iiuvf tu ^ - - 

there is much that we can learn from it. In the first place, we see how 
Newton did not hesitate to introduce an undulatory conception into his 
theory of light, when the experimental facts seemed to warrant and indeed 
to demand it. Newton’s genius possibly found its highest expression 
at this point in his work. Secondly, it is possibly this very introduction 
of the undulatory conception that may have led \ oung and others to go 
a step further and to try a more thoroughgoing application of wave theory 
to the problem. The reader will be making a big mistake if he regards 
Newton’s explanation as useless, because it finally turned out to be wrong. 
The final truth about a thing only emerges after many years of toil and 
thought, after trial and error, after careful observation and the invention 
of hypotheses to fit the observations, and finally the formulation of a theory 
free of all inconsistency and capable of explaining the whole range of facts 
under investigation. Newton’s theory played its part in the discovery of 


the facts and partlv because it is freer from ad hoc assumption. 
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Newton hii 


— * It uc^ausc i nave stoc 

on the shoulders of giants a charming tribute of a great man to the wo] 

of those who had gone before him. And what better tribute could 1 

paid to the inan himself, for Young would probably have agreed thi 

ewton s work set him thinking about waves in connection with Newton 

Kings r 


130 . FURTHER CONSIDERATIONS 

We shall now consider a few points of interest about interference in 
thin hlms, which may conveniently be taken at this stage. The reader 
will notice a striking difference between these fringes and the ones pre- 
viously considered. They were non-localised, while Newton’s Rings 
tor example, cannot be seen unless the ‘ • ' 

film between the lens and plate. This 

respons! ble for the interference effects at a given point cross only in the 
neighbourhood of the film, as is evident from Fig. 203, and the reader will 


microscope 


two 


trains cross. 



IS uiiiy seen at tne place where the two wave 
So this class of interference fringes is called localised 

» 

ler Simple and instructive example of interference in thin films 
led by a wedged-shaped film of air enclosed between two glass 
himmated in just the same way as the lens and plate in Newton’s 

^ . If the angle of the wedge is a few minutes, the reader should be 

able to prove that a " 



„ , equally spaced alternate dark and bright bands 

parallel to me edge is seen in reflected light. These bands are another 


case of fringes of equal thickness. 

tnnge width is — . 

2 

If Newton’s Rings are examined 


If the angle of the wedge is a, the 



Fig. 209. 


5, a set of rings complementary to 
those seen by reflected light is 
produced. The centre is bright 
and, to a dark ring by reflected 
light, there corresponds a bright 
ring by transmitted light. But 
there is one significant difference 
between the two sets of rings. 
Those by transmitted light are 
much poorer in contrast than those 
in reflected light. The reason for 
this is that the amplitude of the ray 
transmitted directly through the air 


film is so much greater than that which suffers two internal reflections in 
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the maxima and minima. I he colours or aU thm films can be seen by 
tfarismitted light and the same considerations applj^ 

^?e have already proved that many more nngs can be o^rved m n^n - 

chromatic light than in white light using Newton s Rinp 

and we have seen the reason for it. But even with moitochtoinalto light 

the rings eventually disappear. Why c«mot interference be 
a thick film? Why is a thin film necessary ? It arises tom the ^ 

the pupil of the eye has a finite diameter and, if an extended sourt* is ui^, 
the eve can receive light from the region SjSj of the source m foc^ing 


point A of the film (Fig. 209). The angle ot incUnation 

frnm that from S-. and SO the pi.th 


from 


differentiating 


1 ms variation in patn uuicicnwti gv-to the greater when 

c becomes so big that it amounts to half a tirave-length no mterference 
can be seen. For, if the two waves derived from the ray from destroy 
each other at A, the pair from Sg will reinforce and so the effect of the 
beam of nys accepted by the eye will always be the same, in other words, 
interference effects have ceased. So we should only expect to get them 

with thin films. 


131. FRINGES OF EQUAL INCLINATION 

We have finally to consider a case of interference which has been used 
to replace the metre by the wave-length of light as a standard of length. 
It is the case of the thin film in which the thickness is constant while 
the angle of inclination in the film varies enough to produce an alteration 
in the path difference of several wave-lengths. A horizontal cross-section 
of the apparatus used for obtaining the fringes seen under these conditions 
is sketched in Fig. 210. A pin-hole S, illuminated by monochromatic 



light, sends light on to a lens Lj which converges it to a thin film of 
air contained between tw^o half-silvered plates P, whose faces are optically 
plane and parallel. The term half-silvered means that the whole area 
of the plate is covered with silver to such a density that half of the 
incident light is reflected and the other half transmitted. The term 
optically plane means that the surface of the plate is a plane to w'ithin a 
tenth ot the wave-length of the light and the plates m\ist be- parallel to 
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the same degree of accuracy 
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on to the lens Lj, 
rough the air film, 

. , ' ’ before 

finally emerging trom the film. Circular fringes, whose centre coincides 


times, six times 


plane 


^ o 

1 - 2 , if this is desired. 


theHens 


following 


Any particular ray 


number 


^ ^ o \ O- / ** ixuiUWA UI 

mternai reflections m passing through the film, so that it is split up into 
number of parallel rays, one ray having passed straight through the 


he others having suffered two, four, six . . . reflections. 

1 in a similar wav tn that nQ#^rl tr. ^Vrt ... 


can 


film 

proved in 

between any two successive rays at the line AB at right” 
therri is 2e cos r, the refractive index of air being 1. These parallel rays 
are orought to a locus at the point F,. in -the focal plane of the lens 
and they will have the same path difference at the point of crossing Ff 
as tliey did at the line AB. There will be a maximum or minimiiTn 



Fig. 211. 


Hi. f .dccoiding as 2e cos r is nX or (2w+l)-. Let us imagine that Ff is 

situatea at a maximum. Then, since the actual apparatus is symmetrical 
about the common axis of the two lenses as axis, the diagram can be 
rotated about that axis and the point F^ describes a circle with F as centre 


and with radius subtending an angle r at the centre of the lens L 2 . 

W e shall see a set of bright rings whose radii subtend an angle r at the 
centre of the lens L 2 , where r is given by 


2e cos r=nX, 

n being an integer. The innermost ring with the least value of r is the ring 
with the greatest value of w, the value of n corresponding to each ring 
decreasing as we go outwards. This is just the opposite to Newton’s Rings, 
where the order of interference, as n is sometimes called, increases as we 
go outwards. But the two sets of rings are similar in that they get closer 
together as we go outwards. Each ring is a locus of rays falling on the 
film at the same angle and so they are called fringes of equal inclination. 


Interference 



which should be contrasted with Newton’s Rings, which are fringes of 
equal thickness. The fringes are only seen where Ae interfering wbvm 
c?oss. which is in the focal plane of the lens Lj. But ^ 

Ldised at infinity behind the film Thqr can 

eye held close up to the film, being located at mfimty l^hind the film at 
the place where the parallel rays emerging at any particular angle meet 

when produced backwards. . 

These fringes can be used to measure the thickness of the air 

The parallel plates P (Fig. 210) are mounted on a spectrometer tumtab c 

and a pin is mounted so that its tip coincide with the focus of the lens 1^. 

The fringes are obtained and the turntable is rotated in a horizontal plane 

until the centre of the first bright ring coincides with the tip of the pin. 

The reading of the turntable is recorded and it is turned round until the 


rmg 


between 


1 lie v—wr-sar — 

two readings is 2r, the angle subtended by the first ring at the centre ot 
the lens. Similar readings are taken for as many rings as can be 
conveniently and accurately measured. Then we have 


2e cos r=nX 


for the first ring, 


for the second ring, 


2e cos ri = (n— 1)A 
2e cos rs — {n — s)X 


for the (r+ ly* ring. Subtracting the third from the first equation, we have 

2e(cos r— -cos rs)=5A 


from which e can be calculated. 

The importance of this method lies in the fact that these fringes can 
lie obtained with films 10 cm. thick, and the thickness of such a 
film can then be obtained in terms of the wave-length of a suitable mono- 
chromatic light to an accuracy of less than 1 in 1 ,000,000. This 10-cm. 
film can then be compared with the standard metre by a step-up method, 
enabling the wave-length of light to be used as a standard of length 
instead of a bar of platinum. This is obviously desirable, as ihe properties 
of an atom are likely to be more constant than those of a bar of platinum, 
which is an artificial thing. The reader must consult more advanced 
text-books on Optics for details of this important determination, as what 
has been written above is only intended to indicate the lines along w'hich 
the problem is attacked. 


132. RAYLEIGH REFRACTOMETER 

The Rayleigh Refractometer, which is a simple modification of Young’s 

Slits, can be- used for the measurement of the refractive index of gases 

and the angular diameter of giant stars. It consists of tw'o parallel slits 
20 
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A and B mounted before the objective L of a telescope (Fig. 212) 
illuminated by parallel monochromatic light from a point source S. 
If the axis of the telescope is parallel to the direction of the incident 
light, the waves from A and B which go straight on will be in 
phase when leaving A and B and will reach the focus F of the objective 
at the same time and produce a bright band there. This will coincide 
with the vertical cross-wire of the telescope. But the waves which are 
diffracted through an angle d will have a path difference BC at the line 
AC normal to the direction in which they are travelling, so that they will 
reach their focus Fj with that path difference. Now, as BC=e sin 
we shall get a series of maxima in directions 6 given by the equation 

e sin d=nX 


wnere n is an intee'er. 

o 


For example, if the case shown in Fig. 212 
represents the first such maximum, then e sin d—X and the rays in that 
cnrectK'.n come to a focus at Fj , the point in the focal plane of the objective 
cut by the ray through the middle of the lens making an angle 9 with its 



Fig. 212. 

axis. There will be similar maxima at corresponding points in the focal 
plane of the objective separated by minima. These fringes are really the 
equivalent of Young’s fringes and they are present on each side of the 
focus of the objective. If tw'o similar tubes are now placed in the path of 
the rays entering the slits A and B and the air is gradually rernoved from 
the one in front of A, the fringes will slowly move downwards across the 
vertical cross-wire of the objective as the air is exhausted. This shows 
that air has a refractive index greater than 1 relative to a vacuum, since the 
downwards movement of the central fringe means that a single crest 
originating from S now arrives at A before B, and the optical path of the 
ray going to A has been shortened. If s fringes pass the vertical cross- 
wire of the objective, as the pressure p of the air in the tube of length / 
is reduced to 0, then a length / of air has been replaced by a length / of 
vacuum in the ray entering A. If n is the refractive index of air at 
pressure p, the optical length of the ray entering A has been changed 
from nl to /, that is, it has been shortened by (n— 1)/. But each time the 
path is shortened by A, one fringe passes the cross-w ire. Since s fringes 
pass in this case 

(n— 1)/=5A 

from which n can be calculated, when s has been counted. 
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We can see how the angular diameter of a star can be measured by 
considering first of all the case of two stars subtending an angle 0 at the 
objective of the telescope. If the axis of the telescope be pointed at 
oi^ of the stars, we know that the Rayleigh Refractometer pn^uce 
fringes with a maximum at the vertical cross-wire, for the star is a distant 
point source and two rays from it to the slits A and B will be parallel to the 
axis of the telescope. But two rays from the other star to A and B will be 
parallel to one another at an angle 6 to the axis of the telesTOpe (Fig. 213). 
Consider rays from this star which are diffracted from A and B in a 
direction parallel to the axis of the telescope and come to a focus at F. Xhe 
two waves are in phase at B and C, so their path difference at the point F 



Fig. 213. 

where they cross is AC, since the time taken by the light to go from A 

or B to F is the same. But AC=e sin 0, and if this is there will be a 

2 

minimum at F. So this star will produce a fringe system with a minimum 
at the vertical cross-wire, and its fringe system and that of the other star 
will produce uniform illumination, since the minima of one coincide with 
the maxima of the other and vice versa. Hence the fringe system 
disappears. If two stars subtending an unknown angle 0 at the earth 
send light on to a Rayleigh Refractometer and the distance apart of the 
slits is adjusted to the value c needed to make the fringes disappear, the 
maxima of one system coincide with the minima of the other ; in other 

words, e sin 0=:z and 0 can be calculated. If we now point the Rayleigh 

Refractometer at a single star, we can analyse it into pairs of points, such 
as a point at the centre and a point on the circumference of the star. We 
can treat each pair of points as two separate stars and the fringes due to 
them will disappear if the distance apart of the slits, c, is adjusted so that 

. 0 A 

e sin - =- 

2 2 


as ^ is so small. If this condition is satisfied for one pair of points, it 
will be satisfied for all of them and the single star will produce no fringes. 
The reader will recognise that this is similar to the disappearance of ^he 
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fringes with Young’s Slits if the single slit S is made too wide (Art. 125). 
So the distance apart of the slits in the refractometer is adjusted for 
disappearance of the fringes and the angular diameter of the star is 
calculated from the above equation. The experiment was first carried 
out by Michelson and the distance e was 306-5 cm. for Betelgeuse, 
a giant red star in the constellation Orion. Taking A as 5-75xlO~5 cm. 
this gives an angular diameter of 0-047", from which the linear diameter 
turns out to be 240 million miles ! 

We have travelled a long way since we started on the road labelled 
interference, not quite knowing what we should find at the end of it. 
What have we found ? We have found that interference is possible 
with light indeed it was there all the time, if only we had had the wisdom 
to see it. We have found that the wave-length of light is very small, 
v/hich is just what we need to explain away rectilinear propagation, and 
we are just beginning to realise that these very small light waves may 
come in very useful for measuring lengths accurately. They have been 
used to measure the coefficient of expansion of crystals (Barton’s “ Heat,” 
(bh 3) ; they can be used to test the flatness of surfaces ; they can be 
used to measure the refractive indices of gases, which are much too small 
to be found directly, and the angular diameters of stars ; finally they bid 
fair to oust the standard metre as the standard of length. It is the old 
story again, that new knowledge is always revolutionising industry; 
knowledge found for its own sake is often useful in practical affairs. But 
we cannot travel further along this road and we turn, confident of success, 


to our next probJeni : diffraction ! 


EXAMPLES ON CHAPTEPv XIII 


1 . Ender suitable conditions two beams cf light may combine to produce 
darkness over limited regions. What are the necessary conditions which must 
be satisfied if interference fringes are to be produced ? Illustrate your answer 
by reference to a simple interferometer such as Fresnel’s mirrors. 

The interfering sources in a simple interferometer are situated d cm. apart and 
the fringes produced are observed on a screen D cm. away. Find an expression 
for the distance between the centres of successive fringes in terms of d and D, 
and hence show that this distance w is given by 




where S is the angle subtended at the screen by the two sources and A is the wave- 
length of the light used. (Camb. Schol.) 

2. Explain what is meant by the interference of light. 

Describe in detail an interference experiment which could be used to measure 
the wave-length of sodium light, and make an estimate of the order of accuracy 
of this determination. Draw a diagram of the apparatus and explain in detail 
how the eye sees the interference fringes. In the apparatus you describe, what 
is the effect of substituting white light for the sodium light ? (Camb. Schol.) 
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, D«cribe Fr«nei:. bi-prism 

expenmmt with thw JPP^_ ^ the sUt. A convra lens is then 


In 

in 


:h are observea ax a ^ inj^ge of the " sources 

between the observ*er “'f. distanSs apart of the images is foui 

distance 100 cm. from the sli . r’^lmlate the wave-leng 


Calculate the -wave-length 

(Comb. Schol.) 


Describe 


S ‘be 0 ”^ rthe tnrbeing 30 cm. fmm the slit, 
of the sodium light. r u ♦ t 

length of light. 

“ tte^csse of Ught and show how the wave-length can be 

'"'Me'Siin one case of interference in wave motion other than light. iO. and C.) 

6 Describe in detail an experiment with Fresnel’s biprism to ^e^e the 

nnYs may b^rs^r^ed with light from an extended source ? (London B.Sc.) 

7 Discuss with examples the conditions necessary for the production of mter- 

ference fringes in a region where two beams of hght ^ 2° with the 

ha^^of the^Srism. The sUt fs 10 cm from the prism, is illuminated by light 
of wBve-len^ 5900 A .U . Calculate the spacing of the fnnges 

of 1 metre from the prism. ^ ‘ ' 

8 Describe and explain (a) one experiment which suggests that light is pro- 
pagated by means of waves, (b) 

length of red light is greater than that of blue light. 

9. A pair of fine parallel slits 0-35 mm. apart held 

coloured interference fringes when a straight electric lamp filament is viewed at 

a distance of 6 metres. Explain this phenomenon. r r kr ^ 

Suggest a simple method of measurmg the wave-length of light with this 

arrangement without the addition of any lenses or mirrors. Estimate th^^^ted 

accuracy. ' ' *'■ 

10 Describe the interference fringes produced by Fresnel’s inclined nurrors- 
It is required to produce fringes of width 01 mm. in sodium light at a distance 
of ^ cm. from the source with this arrangement. Calculate the angle at which 
the two mirrors must be inclined to one another if the wave-length of sodium 
light is 5-9 X 10-5 cm. and the source is 6-0 cm. from the line of intersection of the 

mirrors. 

11. Describe the production of interference fringes by Lloyd’s single mirror. 
In what way do these fringes differ from those produced by Fresnel’s bi-prism, 
for example ? How can achromatic fringes be produced ? 


12. What are the conditions for the interference 
measure the radius of curvature of a plano-convex 

curvature ? 


of light ? How would you 
lens of ver\' large radius of 

(Oxford Sr.hnl\ 


13. A wedge of air of angle 0-4'’ is formed by two half-silvered glass surfaces, 

and is illuminated by sodium light. Draw rough scale diagrams showing the 
separations of the fringes which are formed near the apex of the wedge and at a 
distance of about 2 cm. from the apex. (Wave-length of sodium lines = 5890 and 
5896 X 10-8 cm.) (Camb. Schol.) 

14. Describe how (a) parallel and (b) circular interference fringes can be obtained 
using two plane glass plates. What is the effect of partially silvering the plates ? 

Discuss carefully the question of the localisation of the fringes in the two cases, 
and illustrate diagiammatically a simple arrangement by means of which the 
circular fringes might be photographed. (Camb. Schol.) 



310 


A Text-Book on Light 


[chap XIII 


j 

estimated 


V do you account for the colours of thin films ? Describe exocrim^n*. 
port your explanation, and show how the thickness of the film may ”be 

{Oxford Schol.) 

account of the formation of the colours of thin films. A thin 
film of air is contained between two parallel-faced glass plates, the distance and 

to obtain (a) straight, (jj) circular, interference fringes ? Describe,^ with the helo 
of diagrams, the methods of illumination and of viewing the fringes you wo5d use^ 

{Camb. Schol.) 

1/. Newton s Rings are formed with sodium light (A = 5-9xl0-5 cm.) between 
a plane glass plate and a convex lens surface. The diameters of two successive 
ark rings are 2 0 mm. and 2-236 mm. What is the radius of curvature of the lens 

• {Camb. Schol.) 

18. Describe how you would use Newton’s Rings to measure the wave-length 

of light and give an outline of the necessary theory. ® 

Newton s Rings are formed by reflection in the air film between a plane surface 
and a spherical surface of radius 50 cm., and it is noticed that the centre of the 

conclude from the fact that the centre is bright? 

^ CO bright ring is 0-181 cm. and the diameter of the twenty- 

tmrd bright ring is 0-501 cm., what is the wave-length of the light used ? ^ 

{Camb. Schol.) 

19. Explain tne formation of Newton’s Rings between a convex lens and a plane 

glass plate for monochromatic light. 

Describe the alteration of the fringe system when a liquid having a refractive 

index intermediate between that of the lens and that of the plate is introduced 

.into the space betw-een them. 

Newton’s Rings are formed with reflected light of wave-length 5890x10-8 cm. 
using a plano-convex lens and a plane glass plate with liquid between them. The 
diameter of the third bright ring is 2 mm. If the radius of curvature of the curved 
surface of the lens is 90 cm., find the refractive index of the liquid. 

{Camb. Schol.) 


20 


21 


Explain the colours of thin films. 


(O. and C.) 


Explain the formation of Newton’s Rings. A drop of oil of refractive index 
i 58 is placed between a plano-convex lens and a plane glass plate on which the 
former rests. The lens and plate are of the same refractive index, 1-50. Calculate 
the diameter of the fifth bright ring if the radius of curvature of the lens surface 
is 200 cm,, and light of wave-length 5900 X 10-8 cm. is reflected normally from the 
sy.steni. What effect will be observed when the plate is replaced by another of 
refractive index 1-65 ? {London B. Sc] 

22. Explain the formation of Newton’s Rings. 

Newton’s Rings are observed between a plane surface and a lens supported at a 
variable distance above it. Sodium light is used and it is found that for certain 
distances the ring system disappears. Explain this phenomenon and calculate 
the distances of separation for which the fringes would be invisible. Explain the 
fact that for all distances greater than a certain value the fringes are invisible. 
(Wave-length of Di line of sodium is 5896 A.U. Wave-length of the D 2 line is 
5890 A.U.) {Tripos, Part I.) 

23. Newton’s Rings can be seen in the light transmitted through the lens and 
plate. State and explain any differences between these rings and those seen in 
reflected light. 

24. Fringes are produced by Young’s Slits with light of wave-length 7-5 X 10- -'>cm. 

end the slit of a spectrometer is placed to coincide with the tenth bright fringe. 
White light is now substituted for the red light. Describe precisely and exactly 
the appearance of the spectrum. 

25. Two thin plates of glass separated by a distance of 5 - 10-3 cm, are half- 
silvered on their inner surfaces, A beam of white light passes through them at 
right angles and falls on the slit of a prism spectrometer. Describe and account 
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?aw'.^.“e p^luJ^y -^STl^t. • •P^- 

scope viewing them if its slit is set parallel to c c ge (Comb. Sckol.) 

27. Explain the “ colours of thin platw.” .-n-r-ted bv an air film 

n r»‘x..w ;S 

surfaces. r 1 - j 

28. How would you attempt to measure A^fmetive index of ''y‘lr 9 g=”jPV« 

that the refractive index of air at N.T.P. is 1 0003 ? 

29 Describe a method of measuring the refractive index of a ^s. j Ka. 

?Ln experiment with a Jamin mterferometer the length of Ae^-ffllodm^ 

was 20 cm. On changing the pressure of the gas by 70 cm of 

5“Xndex of the gas at a pressure of 76 cm. of mercury, and at «hc 'em^'«“7/ 
which the experiment was earned out. V P > 

30. Show how the angular diameter of a star can be measured by an mterference 

method. 
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1 33 . INTRODUCTORY 

We have obtained interference and have learned from it that the wave- 
length of light is very small, of the order of 5 X 10-^ cm. From what we 
know of water and sound waves, it is not surprising that we have not 


soimd 


aperture 


with the wave-length of the waves. But we must now proceed a stage 
further than mere argument by analogy and make use of our theory, or 
model, of waves to do two things. We must deduce from it why light 
does travel so nearly in straight lines in ordinary practice. Then we 
must use it to tell us how to set up experiments which will demonstrate 
beyond all doubt the diffraction of light. Here we see the power 
of a scientific theory, in that it enables us to discuss and consider 
cases in which the conditions are widely different from anything which 
we , can demonstrate for certain in the laboratory. For example, if we 
are right about the wave-length of light, the obstacles used in ordinary 
experiments on rectilinear propagation of light are some 1,000,000 times 
bigger than the wave-length of the waves. It would be most awkward 
to do similar experiments with water waves to see what to expect in such 
cases. The theory saves us from the necessity of doing the experiment. 
But the theory is really more important than that ; it is the working 
thought model which the scientific man makes of the known world ; it 
is his artistic creation and perhaps it is more real to him than the world 
itself. It is as far on one side of the practical everyday world as poetry 
is on the other. Let us now see how our theory of waves explains 
awav ” rectilinear Dronaaration. 


134. RECTILINEAR PROPAGATION 

Let us consider the propagation of a plane wave represented by WW 
and in particular let us calculate its effect at the point P (Fig. 214). We 
have to do this assuming the truth of Huygens’ principle, so we treat each 
point of the wave front as the source of secondary wavelets and our 
problem is to add up their amplitudes at the point P. One difficulty 
confronts us at once ; wavelets from different parts of the wave front 


3Z2 
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are in general at different distances from P and so wUl OTve ^ _ 

differed phases, a crest from one point with a trough from anothw 

and intermediate phases from other w 
points. The point P, in fact, has a 
vibration due to each wavelet of the ° t 


B 


period but different phases 
and probably different amplitudes. 
How are we to sort out this con- 
fusion ? One way would be to wite 
down the equations of the vibra- 
tions of P due to each wavelet and O 
to add them together, but there is 
a simpler way due to Fresnel which 
gives quite accurate results. He 
divides up the wave front into zones 5 
so that, at P, the wavelets from one 
zone are just tt out of phase with 
those from the next. When 
crest arrives at P from one zone. 


d 



Fig. 214. 


arriving from the next, and 


to add up crests 


and troughs. 


period 


With 


following way. PO is drawn normal to the wave front to cut it a 
being called the pole of the wave front relative to the point P. 

A . 2A j , 3A , 4A , 

centre P, draw a set of spheres of radii ^+2’ 

on d being the distance PO. These spheres cut the wave front in a set 
of circles of radii OA, OB, OC, OD, and so on. They divide it into a 
set of half-period zones, the first zone being the circle of radius OA, 

the second the annulus between the 
circles of radii OA and OB, and so 

2A A 

on. Since BP is d+ — and AP is ^+2’ 

any crest from the circumference 
of the first zone arrives at P with a 
trough from the circumference of the 
second zone. And what is true of these 
nartJrular narts of the two zones is also 


true of any parts. If we consider the 
region on the circle Ri (Fig. 215) in 
the first zone, there 


always 



Fig. 215. 


corresponding circle R2 in the second 
zone, such that crests from Rj arrive 
at P at the same time as troughs from 
Ri. Hence, if we call the amplitude of all the secondary wavelets from 

the first zone at P, -fSi, we may call that of the second zone ' 


since 
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they are 77 out of phase with those from the first zone. Similarly we mav 
call the amplitudes at P of the wavelets from the 3rd, 4th 5th . ^ 

^ t ^ TT. *11. t ^ 


— '^4> +>S‘ 


zones, 


zone 


How will these amplitudes vary as we go from zone to 

They will depend on the areas of the zones, their distances from 

P, and their obliquities to the line OP. The radius, r„, of the nth circle 
is given by 





» # 


rn- 


ndX 


since 




is negligible compared to ndX, when A is of the order of 10-^5 cm. 

a 

Therefore the radii of the zones are proportional to the square roots of the 
natural numbers, and the zones get closer together as we go outwards. 

1 he area of the zone, which is contained between the and (n—lV* 

circles is given by 


Area 


rrrn^—Trrnli 

7TndX—Tr{n— 1 )dX 
ndX 


<jO the aieas of the zones are constant and this causes no diminution in 
amplitude of the wavelets at P. But the zones get further away from P 
and the wavelets fall on P more obliquely to OP as we go outwards and it 
is only the resolved part of the wavelet along OP that we want. Both of 
these factors cause the amplitude to decrease as we go outwards, so 

"2! -S'?* 'Uy a set of numbers of slowly decreasing magnitude. Hence 

the total amplitude S of the whole w^ave front at P is given by 


c 


) 


+ — -^4 + 


-^S 


ny 


where n is the total number of zones in the wave front. Let n be odd. 


V 


'\e may arrange the series in tw'o ways 




^ 4 + 1 ) + 


« • 


+ 


Sn~2 

2 


^n-l 4 " 




or 


Q 


5 


1 


i2 

2 





Every expression in brackets is the arithmetic mean of the amplitudes of 
two alternate zones minus the amplitude of the intermediate zone. There 
are three possibilities about these expressions ; they may be all positive, 
or all negative, or some may be positive and some negative. Consider 
the first possibility. If it is true. 





• 5‘2 ^n—l 

2 



Diffraction 


315 


• / • 


alternative is true 


^1 


2 2 



£1 • ^ 

2 “*"2 


C»c S lies between the san^e two Un«« and. 


decreases 


true, it is still nearer to these two limits 

70 limits and, if the set of numbers 
agnitude, the two limits coincide in the foUowing expression 


S— fl4-^ 
^“2^2 


(75) 


Let us work out the radius of the first zone for a typical experiment 
to demonstrate rectilinear propagation, in which a plane wave f^ on 
an obstacle which casts a shadow nn a screen some 20 cm. away. In this 


case the distance d is 20 cm. 


and taking A as 5x10-5 cm., we get 


r =\/20x5xl0-5=316xl0-2 cm., so that the diameter of the first 
.one is less than a millimetre and that of the ten thousandth zone is less 


normal 


on the obstacle. 


000th 


and 


amplitude of the first half 


portion of the wave front within about 0*3 mm. from O, the jwle of P. 
To put it in another way, it is only the light starting from the first zone 
which is effective at P, the remainder of the wave front merely destroying 
half the effect of this zone by destructive interference. So light travels 
from a region around O, 0-3 mm. in radius, to P; in fact, it travels just 

about in the straight line OP. . r „ r 

We can see in another way how rectilinear propagation follows from 

vve &CC 111 <111 J __ 1 1 Tunxr /i:'* oiA\ 


WW 


falling on an obstacle T such as a 
sheet of cardboard, the shadow 
being cast on a screen some 20 cm. 
beyond the obstacle. The illu- 
mination at a point such as Pj, 
whose pole Oj is so far from the 
edge of the obstacle that the first 
100 or so zones pass it, will be just 
the same as if the obstacle were re- 
moved, for we may fairly assume 
that the zones after the hundredth 
add very little to the amplitude at 



Screen 


R 


R 


1 


Fig. 216. 


P,. So we shall not notice the presence of the obstacle while Oj is further 
from its edge than rjoo* which is 3 mm., that is, while Pj is further from the 
edge of the geometrical shadow by the same distance. .In the same way, if 
P 2 is so far inside the geometrical shadowthat its pole O 2 is further from the 
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edge of the obstacle than 3 mm., only zones of higher order than the 'hun- 
dredth can send wavelets to P 2 . The shadow will then be quite dark, just as 
dark as if light travelled strictly in straight lines. It is only when O 2 is within 
3 mm. of the edge of the obstacle and P within 3 mm. of the edge of the 
geometrical shadow that we should expect any anomalous effects. The 
choice of 100 zones as being the total number effective will be justified 
later (Art. 135). We have already seen (Art. 2) that it is impossible to 
produce a shadow with a perfectly sharp edge and we could not decide if 
it was due to the impossibility of getting a geometrical point image or to 
the fact that light does not travel strictly in straight lines. At any rate, 
we see that the very small wave-length of light will only produce devia- 
tions from rectilinear propagation within a millimetre or two of the edge 
of the shadow in a typical experiment, so it is no wonder that it has never 
been detected, because it is just in this region that the penumbra due to 
the finite size of the source occurs. 

135. THE REALISATION OF DIFFRACTION 

This v/ay of explaining away rectilinear propagation leads at once to 

an experiment to demonstrate diffraction in light. Suppose that we put 

a circular obstacle between the wave front WW (Fig. 214) and the point 

P , arranging it so that its centre is on the line OP just to the right of O. 

It will cover up the first r zones, so that the amplitude of the wave front 
at P will be given by 

2 

If r is small enough there should be a spot of hght at the centre P of- the 
shadow of the obstacle. But if w'e are to cut out only the first ten zones. 

for example, the obstacle must be only y^10x20x5x 10“^ or 1 mm. in 
radius, if OP is 20 cm. It is hard to make an obstacle strictly circular 
when it is as small as this and the above reasoning may break down if 
there is a small departure from strict circular shape, as the zones are so 
small. Is our idea doomed to failure } This is just where the theory 
comes to our aid, for it tells us that the number of zones cut out can be 
reduced either by decreasing the radius of the obstacle or by increasing the 
size of the zones by making the distance d bigger. If the distance is increased 
from 20 cm. to 200 cm., then the radius of the tenth zone becomes 

VlO X 200 X 5 X 10-5 or 0-316 cm. and it is quite feasible to make a strictly 
circular object of this size. When Poisson presented this result to the Paris 
Academy of Sciences, that there is a bright spot of light at the centre of the 
shadow of a circular object cast by a point source of light, his conclusion 
was held to be so absurd that it disproved the wave theory^ by the method 
of reductio ad absurdum ! But Poisson had other ideas and he asked his 
friend Arago to try the experiment, which can be done in the following 
way. S is a pin-hole illuminated by an arc lamp (Fig. 217) and C is a 
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threepenny-piece of 8 mm. radius some 2 metres away. As *he "av^r^ 
*e forgoing theo^ hold*. If the shadow of the threepenny-piece is 



Fig. 217. 


cast on a screen 2 metres away, a bright spot of light is clearly seen at 
the centre of it. The threepenny-piece cuts out the first 64 zones 
and so the spot is not very bright. It can be made brighter by moving 
the screen further from the obstacle. Here, then, is a clear case of 
diffraction, light rays bending round the corners of the threepenny- 
piece to come to the centre of the shadow. We can see why the bright 
spot comes only at the centre, because this is the one place where the 
secondary wavelets from the region round the edge of the obstacle are 
all in phase. At any other place the phase differences between the various 
wavelets cause the amplitude of the resultant vibration to be zero. 

It is interesting to notice that Delisle had performed this experiment 
and noticed this result in 1715, some hundred years before it was repeated 
by Arago, but his result was forgotten because no one understood what 
it meant. It required the help of a niathematical theory of waves to 
interpret the result, to show that it was a case of diffraction, to show that 
this experiment demonstrated that the light waves did spread sideways 
behind an obstacle in the same way as water waves. So we see that 
another function of a scientific theory' is to light up phenomena, as it 
were, to exhibit rational correlation between facts which seem superficially 
unrelated. Delisle’s obser\ation lay unheeded on the scrap-heap until 
the wave theory brought it to life after a space of a hundred years ! 

136. DIFFRACTION AT A CIRCULAR APERTURE 

Let us now see what effects we should expect if a plane wave were passed 
through a circular aperture, considering in the first place the effect at 
a point P on the line through O, the centre of the aperture, normal to 
its plane (Fig. 218).. If WW represents the wave front just as it comes 
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to the aperture. O is also the pole of the wave front with respect to P 
The aperture will let through a certain number of half-period zones 
If It passes only the first zone, the amplitude at P is jj, which is twice 
what It would be if the aperture were large enough to pass the whole 
wave front. Since the intensity of light is proportional to the square of 

P^ear^Tfh - ” » ^ “ four time, a, 

great with this small aperture in front of the wave front as with a large 

apermre ! So we have the paradox that it is necessary to cover up the 

wave front in order to increase the brightness on the screen at P! 

uxley s remark that science is nothing but trained and organised common- 

sense does not seem to be borne out by this statement ! But the prediction 



Fig. 218. 



is verified by experiment. .And here is a still more surprising one ; if 
radius of the aperture is increased so as to pass the first two zones 

f 1 u n r_ . Q - . > 


th 




the resultant amplitude at P is 5i 


, ^ ~ — ~i ^2 u. Therefore increasing the size 

ot tPe aperture causes the brightness at P to decrease to nothing ! And 

tnis IS verified by experiment too ! In general, we can say that the 

iimmiiiation at P is bright or dark according as the aperture passes an odd 
or even number of zones. 


It is not easy to make an aperture which is both strictly circular and of 
variable radius, but the above experiment can be varied in this way. 
The number of zones passed by the aperture can be changed by altering 
the radius of the zones, while that of the aperture remains constant. 
The screen is moved to be so far from the aperture that the first zone 
is bigger than the radius of the aperture. The illumination at P is then 
a maximum. The screen is then moved in towards the aperture, thus 
decreasing the distance d from the point P to the wave front and so decreas- 
ing the radii of the zones. When the screen is so near that the first 
two zones are passed the illumination is a minimum and there is a dark 
spot at P in the middle of the bright patch of light. As the screen moves 
still nearer a bright spot reappears at P when three zones are passed by 
the aperture, the dark spot having expanded to a dark circle. This pro- 
cess continues as the screen is moved towards the aperture, black spots 
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appearing at P when an even number of zones « 

these predictions are verified by experiment and can easily be performed 

in an elementary laboratory. a oP ri^nnires 

A strict treatment of the illumination at points off the Ime OP 

the mathematical method of adding up the amplitudes of the 

dark circles in the following way. When the screen « near 
aperture for it to pass three zones. P is bright. But, as we move up alo^ 
the screen from P, the pole of the point whose illumination we "e ron- 
sidering moves up from O towards the edge of the aperture. When 
the pole reaches the point such that only the first two zones are passed com- 
pletely, then part of the third and part of the fourth zones will also be 
passed. The first two zones cancel each other out and there is a point 
at which the parts of the third and fourth zones passing the aperture 
cancel out too. When this is so, the effect at the corresponding point on 
the screen above P is a minimum. Since the apparatus is symmetrical 
about the line OP as axis, this effect will produce a dark ring with P as 

centre. 


137. DIFFRACTION AT A STRAIGHT EDGE 


Both the cases of diffraction which we have considered have had 
axial symmetry, for the object or aperture has been circular and the 
waves have come ultimately from a point source. \\ e now turn to cases 
in which the source is a slit, ideally of infinite length, emitting cylindrical 
waves with the slit as axis and the diffracting objects are edges, narrow 

obstacles, or slits parallel to the slit source. 

We must first see how to add together the secondary' wavelets from a 

cylindrical wave front when they reach a given point. Let S represent 
a slit source normal to the plane of the paper and let WW represent a 
section of the cylindrical wave front emitted by the source (Fig. 219). 
We shall find the effect of the whole wave front at a point such as P by 
dividing it up into zones the amplitudes of whose wavelets at P are alter- 
nately positive and negative. Join SP to cut the wave front in O and divide 
the wave front into two equal halves by a line through O normal to the 


plane of the paper. 


With centre P and radii 

2 



draw a set of circles cutting WW in the points AA, BB, CC, DD, and 
so on. If lines are draw'ii through these points normal to the plane of 
the paper, they divide each half of the wave front into a set of half- 
period strips. Consider the first half-period strip AO in the upper 
half t)f the w'ave front. The wavelets from it reach the point P later 
as we go further from the line AO up or down the strip in a direction 
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normal to the plane of the paper. Each half of the strip must be sub- 
divided along its length into a set of half-period elements by drawing 

A 2A 3A ' ■ * 

circles centre P radii ^+ 2 ’ ^+" 2 * so on* in the plane through 

OP normal to the plane of the paper. The wavelets from the first half- 
period element will be out of phase with those from the second element 



Fig. 219. 


at the point P, since the distance of corresponding points in the two 
elements from P differs by half a wave-length. So the total effect of each 
half of tlie first half period strip can be found as with a plane wave and 
works out to be half the effect of the first half-period element. The same 
is true of all the other half-period strips. In other words, we can ignore 
all the wave front above and below the plane of the paper except the region 
in the immediate neighbourhood of the line WW. Now we have 
deliberately constructed the half-period strips so that a crest from any 
point Rj in the first half-period strip reaches P at the same instant as a 
trough from a corresponding point R 2 in the second strip. The whole of 
the two strips can be dealt with in this way and, if the amplitude of the 
wavelets from the first half-period strip at P is called jj, that from the 
second, third, fourth strip and so on will be — si, -{-^ 3 , — ^ 4 , and so on. A 
more exact analysis shows that the numerical values of these amplitudes 
fall off more rapidly than in the case of a plane wave front. The reader 
must remember that there are two halves of the wave front to be taken into 
account now. It follows in the same way as with the plane wave front 
that, if there is no obstacle, the amplitude of each half of the wave front 


at P is and so the amplitude of the wavelets from the whole wave 




front is ^j. 

Let us now consider the effects to be expected if a slit source through 


S normal to the plane of the paper (Fig. 220) sends a cylindrical wave 
front on to a straight edge through E normal to the plane of the paper, 
the edge of the geometrical shadow on the screen on which the light falls 

The illumination at a point 


passing through G on the line SE produced. 

P] outside the geometrical shadow is found by dividing the wave front into 
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cutting 


amplitude 'oi the l%ht 
front, which is entirely 


unaffected by the straight edge, together with that from the pordon 
of the wave front. 


be a maximum 


minimum according as 0,E contains an odd or even number of half 
period strips, that is, according as EP,-0,Pi » equal to (2«+l)^ or »A 


where « is an integer. As P, moves up the so^ from G. the fflumination 
will pass through a set of maxima and minima as the number of half- 
period strips in 0,E becomes 1. 2, 3, 4, and so on. So we shall see a 



Fig. 220. 


set of alternate bright and dark bands parallel to the edge of the geometrical 
shadow, but the dark bands will not be completely dark, since the upper 
half of the wave front always sends light to this part of the screen. 

What can we deduce about the width of these diffraction bands ? If 
Pi is at the dark band 

EPi-0,P, = nA. 



expanding by the binomial theorem and neglecting the higher terms. 
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Similarly 


SPi = («-f6)+ 


2{a+b) 


OiPi=z»+ 




2{a+b) 


. EPi-OiPi 


x~ 


2b l{a-\-b) 


x^a 


lh{a^h) 


x^a 


’ 2h{a-\-b) 


- = nX 


n . . A 


. . . ( 76 ) 


ariQ i«c tile distances of the dark bands from the ed|^e of the geometrical 
..-Iiauow are proportional to the square roots of the natural numbers and 
they get closer together as we go out from the shadow. This fact, together 
V .'in theii poor contrast owing to the minima not being absolute, enables 
thern to be distinguished from interference fringes. 

1 he illumination at a point P 2 inside the geometrical shadow is due 
nn 1) eiy to wavelets from the upper half of the wave front, since the middle 
O; tne wave front O 2 is behind the edge E. If the obstacle cuts out the 

g 

first r strips, the effect at P is . This rapidly diminishes to zero as 

r increases, so that the illumination below G rapidly falls off to zero. The 
graph of intensity of illumination on the screen against distance from the 



Dfstanen from edge of geometrical shadow 

Fig. 221 . 

edge of the geometrical shadow is sliown in Fig. 221, from which we sec 
that the edge of the shadow^ is not sharp as it would be if rectilinear 
propagation were strictly true, and also the light does spread sideways 
a little behind the corner of the obstacle, as the region of complete dark- 
ness begins at a finite distance below G, All these effects are observed 
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In practice using a slight edge *« source. 

FinaUy. if tL slit is “ - “SJenniued 

It is this quantstaUve predtcUon f 

It is no. too much to say that ° ^^enST^e diflracti^ 

of light waves by mere analogy with what happcns w.A . 

since the effect are so much and 

Tfflcu close t^the edge of shadows are the key to the true nature of hgld. 


138. DIFFRACTION AT A NARROW 
We are now in a position to discuss the cl 


Newton 


but unexplained by them. S represents an dlunimated sl.Mr .g_ 

being cast on a screen some distance beyond the obst^le. The °h«ade 
can be a copper wire about 1 mm. in diameter and GG represents the 
geometrical shadow. The effects at a point such as P, outside the geo- 
metrical shadow will be just the same as those at a straight edge, since 
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the wavelets reaching Pj from the lower half of the wave front will have a 
t'cgligible effect owing to the finite breadth of the obstacle. So we 
shall get unequally spaced dark and bright fringes parallel to the edge 
of the obstacle one each side of the shadow. The illurnination at a point 
such as Q inside the shadow is simply half the effect of the first half 
period strip on either side of the obstacle. These strips are so narrow 
th at thev can be regarded as a narrow slit on each side of the obstacle 


I 


and the effect at Q will be a maximum or minimum accoidijig 3 , 
BQ-AQ is nA or (2«+l)-. In fact, the fringes will be just the same as 

with Young’s Shts and wiU be equally spaced of width — , where s is 

now the width of the obstacle AB and d is its distance from the screen 
e reader will recall (Art. 97) that this is precisely what Grimaldi saw so 
his obseiwations are strikingly verified by the wave theoiy. (Plate VH 
osbibly Newton failed to get any fringes inside the shadow because his 
obstacle was too wide, in which case the fringes would have been too close 
together to be seen with the naked eye. Yet again we see how theory 

-feme by showing their significance in a rational 

Nether Newton nor Grimaldi, both of whom were familiar wi* 

ciftraction in sound and water waves, saw that the above effects were 

diffraction It is not surprising that they did not, as the effects were so 

much fc'ebler and so different in character than those obtained with sound 

and water waves, where the ordinary conditions were so different from the 
above conditions in light. 
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NARROW 


It is natural to pass on to the case of a narrow aperture AB (FiV. 223) 
illuminated by light from a slit S normal to the plane of the paper, the 
ertects being cast on a screen some distance beyond the aperture. GG 
marks the edges of the patch of light to be expected on rectilinear propaga- 
tion and we shall consider the illumination at its centre O, at a point 
such as P at a distance from the centre but still in the patch of light on 
the screen, and finally at a point Q inside the geometrical shadow. The 
illumination at O is a maximum or minimum according as the aperture 
passes an odd or even number of half-period strips from each half of the 
wave front. As the aperture is increased in width from a very small 
value, or as the screen is moved up to it from a very large distance, the 
illumination at O starts by being very large, since only one or a portion of 
one half-period zone passes through the aperture from each halfuf the wave 

r ... rirKt ♦ • , - . . 


front. 


goes 


becomes uniform when a large number of half-period strips in each half of 
the wave front passes through the aperture. The total amplitude is then 

/I A 

=^j, where is the amplitude at O of the wavelets from the first 


2 2 


half-period strip of one half of the wave front. 

Let us now suppose that the aperture is so wide as to pass, say, a 
liundred half-period strips from each half of the w'ave front and we wish 
to find the illumination at a point such as P. Let us start with P at O 
and let it move up towards G along the screen. A point will be reached 
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3*5 


when 99 half-period strips from the upper half and 101 from the low 
hrif of the wa« front are passed by the aperture, but this wiU ^ 
difference to the illumination at P, since the amphtude of each half at 

This wiU continue until we get so close to G that only 


P will still be j. 


period strips from the upper half of the wave front pan 


through the aperturc,whei 

we shall evidently get max 
ima or minima at P accord 


mg as an 
number of 


odd or even 


half-period 
zones get through the aper- 
ture. In fact, we shall get 
precisely the same fringes 
as with a straight edge, and, 



case 


3n quickly falls off to 
inside the geometrical 
of the geometrical shs 
r>endent straight edges 


Fig. 223. 


The same thing applies to the other 


behaves like two 


aperture 


period strips from each half of the wave front pass through it, the illumi- 
nation at O being a maximum. As P moves up from O, a point is reached 
when four strips from the upper half and six from the lower half pass 
through the aperture . The amplitude of the wavelets from the four strips is 

while that from the sixstrips is^i — 52+^3"“^4+^5“'^6— 0- 
So the illumination at P is a minimum. When P is a little nearer to G, 
three strips from the upper half and seven strips from the lower half will 
be able to send wavelets through the aperture. The amplitude of the 
three strips at P is y, — 52+^3 = 33, and that of the seven is S7, and 
so the illumination at P is now a maximum, 
towards O, the illumination is a maximum or 
an odd or even number of half-period strips fre 


In general as P moves 


front sends wavelets to the point P. So there will be a set of alternate 
dark and bright bands parallel to the edges of the geometrical shadow 
inside the patch of light on the screen, 
as Q inside the geometrical shadow. 


point 


illumination here 
id will be a maximum 
an odd or even number 


strips, that is, according as QB 


A 


QA is or nA. 

2 


This is a similar 


condition to that governing the maxima and minima in Young’s Slits 
only here we get a maximum when the path difference from the edges 
of the aperture to the point is an number of half wave-lengths instead 
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of an even number as in Young’s Slits. The reason for the difference 
is that in Young’s Slits we have two point or line sources and only two 
interfering wave trains, whereas here we have a section of wave front 
of finite width and an infinite number of interfering wave trains. We can 
see the truth of the above result in another way by dividing the wave 
front passing through the aperture into two halves. If QB— QA is A, 
for example, then the path difference for the wavelet from B and the 

one from the middle of the aperture is and so they cancel each other 

out at Q. Similarly a wavelet from any other point in the lower half of 
the wave front is cancelled out by one from the corresponding point in 

the upper half of the wave front, the point being such that it is - nearer 

2 

to Q. Hence the wavelets from the lower half of the wave front are can- 
ceiled out by those from the upper half of the wave front and the illumina- 
tion at Q is a minimum. The condition that we get a maximum or mini- 

rnuii? at Q according as QB — QA is (2«-f-l)- or nX means that we get 


2 




beniate dark and bright bands parallel to the edge of the geometrical 

rhadow, equally spaced and of width where d is the distance of the 

s 

screen from the aperture and s is the width of the aperture. All these 
effects are verified by experiment. So we may now regard the diffraction 
of light as established beyond doubt. It is time to turn to some uses 
which have been made of this diffraction and we start with a rather 
delightful example of it, which is pleasing rather than useful. It shows 
how diffraction can be made to produce the same effect as a lens. , 


140. THE ZONE PLATE 

Let A be a point source of light emitting spherical waves, whose effect 
at the point B is to be found (Fig. 224). Draw a plane through O normal 
to the plane of the paper and divide it into zones bounded by circles centre 

O and radii OPj, OP 2 , OP 3 , and so on, where APi + BPi=A04-B04- 


Ap 2 +BP 2 =AO-f BO-f 


T’ 


and 


so on. 


These arc half-period zones 


exactly similar to those constructed for a plane wave front (Art. 134) and 
crests of the wavelets from the first zone will reach B at the same 
time as troughs of the wavelets from the second zone and so on. There- 
fore, if the amplitude of the wavelets from the first zone at B is called 5 ], 

that from the second, third, and succeeding zones will be —S 2 ^ “*^4 

and so on. If the even zones are rendered opaque to light, the amplitude 
at B of all the secondary wavelets starting from the plane at O is 


Diffraction 



maximum 


kind 





Fig. 224. 



( A02 + r„2)* + (B02 + r„2)» 



AO+BO+ 


nX 

~2 


) 


BO 


AO+BO+ 


wA 
2 


Expanding by the binomial theorem and neglecting all but 


the first two 




terms 


AO+ 


Tn 


2AO 


+BO+ 


=AO+BO+?^ 

2BO 2 


It 


1 


+ 


1 


AO BO 


nA 


(77) 


so that the radii of the circles are proportional to the square roots of the 
natural numbers, as was the case with Fresnel’s zones for a plane wave 


front. 


form 



1 nA 



which is identical with the equation relating the distance of a real object 
with that of its real image formed by a converging lens. In fact, this 
device behaves like a converging lens, the numerical value of whose 


nA 

Such a device is called a zone plate, and the way in which it is made 
will be understood when it is realised that the radius of the Jir^ zoi^ in 

a zone plate of focal length 20 cm. is, from equation (78), V 20 X 5 X 10-5, 
or 0*316 mm., taking A as 5 X 10-5 cm. It is evidently impossible to rule 
the zones directly on a glass plate, so a set of circles whose radii are in 
the ratio of the square roots of the natural numbers is carefully drawn on 
white paper, the radius of the first zone being some 3 cm. The odd 
zones are then painted black and an image of these alternate black and 
white zones diminished about 100 times is cast on a photographic plate 


focal length is 
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, ; ’ — — 6 — piaic with the odd 

zones transparent and the even zones opaque to light. If the radius of the 

first zone 18 0-316 mm., the plate acts like a lens of focal length 20 cm 

and will forni linages m the same way as that lens. It is interesting to 

observe that Rayleigh suggested that the intensity of the image coujd be 

increased fourfold if the even opaque zones were replaced by zones of 

such thickness that the light was retarded just half a wave-length in 

passing through the plate. This has actually been accomplished bv an 

/A TTlf^n r'Q r» O \XT 1 1 t ^ ^ 


Wood 


‘ y 1 M ^ ' optics snouia 

be consulted for details of the process. Again, the zone plate has a 

second focal length produced when wavelets from the 3rd, 7th, 11th 

zones add together, and this focal length is three times as great as that 

produced when all the zones add together. All these effects have been 

realised experimentally and form a striking confirmation of the existence 
ot diffraction and Fresnel’s theory to account for it. 
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141. THE FRAUNHOFER CASES OF DIFFRACTION 

The cases of diffraction which we have considered so far are in the 

Fresnel class, in which the source of light is at a finite distance from the 

system producing the diffraction and effects are sought at a definite 

point on a screen at a finite distance from the diffracting system. We shall 

now discuss the other important class of diffraction effects, the Fraunhofer 

class, in which the source is at infinity and effects are sought in a definite 

direction. Since the wavelets producing the effect in a given direction 

are parallel to one another, they are made to cross by sending them through 

a lens, when they cross at a point in its focal plane, where the effect is 

to be seen. This type of diffraction is best produced by putting the 

diffracting system on a spectrometer table, the collimator producing the 

parallel light which falls on the system and the telescope objective bringing 

the wavelets diffracted in a given direction to a focus at the same point. 

Hence the effects are seen by looking down the spectrometer telescope 
in the usual way. 

We shall consider first of all the case of diffraction at a single slit. 
AB represents a horizontal cross-section of a vertical slit mounted on the 
table of a spectrometer, parallel light of wave-length A falling on it from 
the collimator (Fig. 225). We know from our experience of water waves 
that most of the light goes straight on, as shown by the dotted lines, but 
some of it will bend round the comers of the slit and spread out in all 
directions. We will consider the rays diffracted through an angle 6^ 
that is, those rays which leave the slit at an angle 6 to thoSe which go 
straight on. In order to make these rays cross at the focus of the objective 
L of the spectrometer telescope, we turn the telescope round so that its 
axis makes an angle 6 with the normal to the plane of the slit as shown in 
Fig. 225. A given crest in the incident waves reaches A and B simultane- 


Diffraction 


329 


Udv and if BD is drawn normal to the rays difected throt^h " “Sj* 

« Se same time a'^.d crossing at F. where the inmrference can 



Fig. 225. 

be seen, is AD, which is a sin where a*AB, the widA of the sht. If 
this path difference is A, there will be a mtmmum at F , since 
difference between the rays from two conespondmg points such as A and 

C, half the width of the slit apart, is ^ and the rays annul one another at F. 

Hence the slit be di^'idcd into two equal halves, such that the rays 
from one half annul the corresponding raj-s from the other half at F ; 
therefore the eflFcct of the whole slit at that point is zero. Minima also 
occur if the path difference is nA, where n is an integer, as can be shown by 
dividing the slit into two halves if n is an odd number, or into a sufficient 
number of portions to give a path difference equ^ to an odd number of 
half wave-lengths between corresponding points if n is an even number. 
Maxim^T whose intensity is considerably less than the main maximum, 
occur between these minima. So we may sum up the effect to be expected 
in this way. The diffraction pattern of the slit is a central maximum 
in the direction of the incident light and a set of alternate maxima and 



Fig. 226. 

f 


minima on either side of the central maximum, the minima being in 
directions given by the equation 

a sin ^=«A 

The statement that a minimum lies in a given direction means that it is 
at the focus of the telescope objective, when its axis is parallel to that 
direction. Each maximum is a slit parallel to the actual slit. So we get, 
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u A C f ' ^ fainter subsidiary imaees 

on either side of it, the relation between intensity of illuminSon md 
verified by experiment. completely 




142. THE DIFFRACTION GRATING 

We now consider the diffraction effects produced by a set of parallel 
quidistant slits. Such an arrangement is called a diffraction grating 
and It can be used to measure the wave-length of light very accurately 

u ] tiy Fraunhofer and consisted of silver wires 

^retched on a frame, there being about 200 wires to the centimetre. 

ten gratings wcfC made by ruling lines with a diamond on a glass plate, 

t.ie sht^ being the untouched parts of the glass between the lines, which 

were effectively opaque to light. Finally gratings were ruled on speculum 

r? centimetre. These gratings are 

dn.icult to rnake and are therefore very expensive, but celluloid casts or 

repjcas of them can be manufactured for three pounds and are used in 
many laooratories. 

The effects produced by a diffraction grating are in the Fraunhofer 
class and so it is mounted on the table of a spectrometer which has been 
adjusted in the usual way. A horizontal cross-section of the grating is 
s *own m Fig. 227, AB, CD, GH, JK, . . . representing slits normal to the 



Fig. 227 


plane of the paper, while BC, DG, HJ . . . represent the opaque lines 
which have been produced by the ruling point. Let a parallel beam of 
monochromatic light of wave-length A fall normally on the grating. Most 
of the light issuing from the slits will go straight on, but, as the width of 
each slit is of the order of the wave-length of light, some of the light will 
spread out on leaving each slit. Let us consider the rays diffracted 
through an angle 9, which fall on the telescope objective and will cross 
at its focus F, when it has been turned so that its axis makes an 
angle 0 with the light which has gone directly through the grating. If 
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slits and 


wc draw the rays from the edges A, , i J difference between 

the rays from A and C, 3 ^^: ^^e Tgo fmm^C to F 

phase at A and C and t^ lig «=AC and is called the grating 

rJ^nt. “Vherefl there will i>e a maximum at F for those values of 0 


e sin 6—nX 


(79) 

reinforce 


given by the equation 

where n is “ “"wilUh^rJ^the mhe^r’ Jorresponding poinB ' 

TthTrihs T^^forr as the telescope of the spectrometer is turned 
tl the position in w^.h ‘-f ; 

*’'t “^ord'etven'b? c sin 0= A, to*^ the second place at the value of 0 pven 
r fliaA and so on. At each of these positions an image of the 

sUt falls on the vertical cross-wire of the telescope. Similar >">*8“^ 
firmed on the other side of the direct hem and they are called the fi , 

second . order diffracted images respectively. 

If white light is substituted for monochromatic light, it follows from 

Xcrive of (he telescope, since there is a different value of 0 for eai^h 
different colour or wave-length for a given value of n. The reader wi 
realise that, for one position of the telescope, only one colour comes to a 
focus at the actual focus of the objective. The other colours send parallel 
beams making different angles with the axis of the telescope, and, cone 

p^ane of the objective. In this spectrum the violet, having a sinaller 
Lve-length than the red, is deviated less than the red, the opposite' being 

the case in the spectrum produced by a prism. , r n 

The wave-length of, say, sodium yellow light is measured in the follow- 
ing way The spectrometer is adjusted in the usual way, so that the 
collimator produces parallel light and the telescope brings it to a focus 
at the cross-wires, on which the eyepiece is focussed. The grating is 
then fnounted on the spectrometer table so as to be normal to the incident 
light, the slit of the collimator is illuminated with sodium light from a 
sodium flame or a sodium lamp, and the vertical cross-wire of the telescope 
is set on the image of the slit produced by light which has come straight 
through the grating. The reading of the telescope on its scale is noted 
and It is then turned until the vertical cross-wire^ coincides wdth the first 
diffracted image of the slit. This will look yellow and, if it is not sharp, 
its sharpness can be improved by rotating the grating in its own plane 
to bring the slits of the grating parallel to the slit of the collimator. When 
this has been done it will be seen that there are two images of the slit 
very close together if a grating with about 5000 lines to the centimetre 
and some 2 or 3 cm. wide is used. This shows that sodium yellow light 
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nearly equal/ Thc7a;e he dThTh °r very 

of each is measured in this experimint. The 'vaye-length 

on the centre of each line in turn the ' ■ • vertical cross-wire is set 

in each case. The difference between^Th's*”" *e*escope being read 
its direct position gives the angle of Hiff ‘^e telescope and 

images. The telefcTe ^ of ‘ho fi«t order 


other side of the direct beam /nH 2 ‘"v .oorresponding images on the 
is obtained, the 

. taben in cas ^ trnoralt t/et S 

The wave-length of each line is-then calculated from the equation ® 

e sin 0 ~A 

e being obtained from the number of lines per centimetn- nf 

llnL* a “'71" • of ‘he ware- 

length are obtamed by measuring the angles of diffraction of the second 

er images and also the third order, if they are bright enough for 

of each line found m this way is taken as its true wave-length. ^ 

ih 7'”' f 7 'f'*f''^otion obtained can be seen if we assume that 

the grating has 5700 lines to the centimetre, giving cm. For 

the D, line of wave-length 5-8%x IQ-^ cm., the angle of diffraction for 
the first order is given by 

sToosin ^=5-896 X 10-5 

whence ^=19° 52'. Similarly the first order angle of diffraction for the 
D 2 line of wave-length 5 890xl0-5 cm. is 19° 36'. The corresponding 
angles for the second order are 42° 49' and 42° 10'. The third orders 
have values of sin 0 just greater than 1, and therefore are not produced 
with a grating whose element is as small as this. 

This is quite a common value for the grating element and the reader 
may feel tempted to ask why it is chosen to give so few orders of spectra. 
One reason is that the greater the angle of diffraction the more accurately 
it and the v/ave-length of light may be measured. Another reason may 
be this. The second order violet and the first order red are produced in 
directions given by the equations e sin ^ 2 = 2 At, and e sin ^i=Ar, in which 
the notation explains itself. Since Ar=2At„ 0i==^2> so that the second 
order violet begins just about where the first order red stops. Again 


e sin ^3 = 3Ap and e sin ^ 2 — 2A. If 6 ^— 62 , A 


3 ^ 
2 


which is a wave-length 


in the yellow. Therefore the third order violet begins at the yellow of 
the second order spectrum. In fact, the second and third order spectra 
overlap a little and the reader can easily show for himself that this over- 
lapping gets worse as we go to liigher orders. This overlapping might 
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lead to confusion in the case of line spectra with many lines and feo the 

ordinary grating is ariranged to give only two orders. 

Since most of the light goes straight on through the gratmg, th 

diffracted images will not be very bright and, in the case of faint 
of light, it may be difficult to see them and to measure the wav-e-lengt 
of the lines of the source accurately. And the lines get fainter as we go 
to higher orders. The reader may be inclined to reply : Why not use 
brighter sources of light then ? The answer is that the brightness of 
the source is often not under our control, as, for example, when we are 
trying to measure the wave-length of the lines of the spectrum of tM 
aurora borealis in order to find out more about its nature. So it may 
desirable to make a grating in which all the diffracted light is concentrated 
into one order, say the first order. It turns out that this can be done, 
in theory at any rate. A grating of such dimensions is constructed that 
it produces only two orders and the second order is suppres^d in the 
following way The grating consists of a set of individual slits each of 
which has its diffraction pattern consisting of a central maximum and a 
set of subsidiary maxima separated by minima. It is arranged that the 
direction of one of these minima coincides with that of the second order 
maximum for the grating as a whole ; therefore; although the beams 
from the slits reinforce one another, the intensity of each beam is zero 
and the second order spectrum has zero intensity. It has been suppressed 1 
The above coincidence is achieved in the following way. The direction 
of the second order maximum for the grating as a whole is given by 

(fl-1-6) sin 0=2A 

where a is the width of a slit and b is the width of the opaque line separat- 
ing one slit from the next. If the first minimum for the diffraction pattern 
of each slit considered as an individual lies in the same direction, we have 

a sin B=\ 

Dividing the first of these two equations by the second, w e have 

a 

or a~b 

So it is only necessary to arrange for the slits and the opaque lines to be 
of the same width to concentrate all the light into the first order spectrum 
and to make it as bright as possible. 

We have already seen that the spectrum produced by a diffraction 
grating differs from that of a prism in that the violet is the least deviated 
and we shall conclude this account of the grating by drawing attention 
to another difference. The dispersive power of a grating is defined as 

the rate at w’hich the deviation varies with the wave-length, or as — . 
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e sin d=n\ 

Differentiating this equation, we have 

dO n 

dX e cos 6 

So the dispersive power increases as the order of the spectrum increases 
and as the number of lines per centimetre of the grating increases. The 
dispersive power tells us the angle between the parallel beams of two 
neighbouring wave-lengths, or the distance apart of their images in the 
focal plane of the objective of the telescope of the spectrometer. If a 
spectrum of white light is produced, the value of cos 9 alters so little 
between the two ends of the spectrum that it can be treated as constant ; 
so the distance between two lines of a given difference in wave-length 
is the same all the way along the spectrum. This is called a normal 
spectrum and, if it is compared with that produced by a prism, it will 
be seen that the red and yellow occupy a greater length and the blue and 
violet a shorter length than in the spectrum of a prism. The reason for 
this is that the dispersive power of a prism is greater at the violet than 
at the red end of the spectrum, thus causing the blue and violet to be 
unduly spread out or dispersed. We shall see that it is important to have 
a normal spectrum when quantitative measurements on the energy in 
spectra are being made. 


143. RESOLVING POWER 

What is it that we really expect of an optical instrument such as a 
telescope or a spectrometer } We expect a telescope to give us a bright 
magnified image of the moon, for example, although we have seen that 
the image can never be brighter than the object. We expect a spectro- 
meter to spread out the light from the source to be analysed into a band, 
in which each individual colour is separated from its neighbours. But 
are we satisfied by mere magnification in the case of the telescope or 
microscope, for example ? Would the telescope be any use if it produced 
an image ten times as big as that which we see with the naked eye but 
showing no more detail, no more grain ? If we pointed it at the moon, 
all we would see would be an enlarged view of the man in the moon ! 
It would be very much like what we should see if an artist painted a 
picture of the moon on an elastic canvas and we pulled it out tenfold in 
each direction. This is no use at all. We do nOt want just an enlarged 

I 

view of the moon ; we want to see as separate objects the many craters 
which merge into one when seen by the naked eye. Fortunately the 
telescope does reveal more grain when it magnifies, but it seems to have 
happened largely by accident ! The amount of detail or grain re- 
vealed in an object by an optical instrument is called its resolving 
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increase 


To-; buT- sU be . Ue .o bwestig..e the factors wh^h 
^„Tfl t^ rLlving power of optical instrttments to see tt the.r perform- 


’"^rquT;:;;t:;e’ definition of resolving powf r naturally depends on 
the purpose of the instrument and so vanes from mstrunient to mstrumen . 
To begin with the telescope, its purpose is to view distant objects am 
the amount of grain or detail which it reveals depends on how sm^l an 
angle two objects may subtend at the objective and yet be distm^ished as 

separate. So the resolving power of a telescope is defined as the 
angle subtended at its objective by two point objects which can 

just be distinguished as separate. . , a 

The reader may now be tempted to ask, what is the dimculty : A 

telescope produces a point image of a point object ; therefore, if two 
points are separate they must produce separate images 1 But must 
remind him that point images are never produced when paraxial con- 
ditions arc violated ; we have to put up with the circle of least confusion 
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due to the various lens aberrations. But this circle of least confusion 
has been reduced to such a small one that the eyo itself cannot distinguish 
it from a point. Is this not sutheient ? But this argument is based 
on the laws of geometrical optics and on rectilinear propagation, which 
we have proved to be only approximately true. Light does travel quite 
in straight lines and, when a beam of light passes through a lens, the outline 


of the lens acts as a diffracting system and a diffraction pattern of this 
outline is produced instead of the point image or circle of least confusion. 
If the outline of the lens is circular, the diffraction pattern is a bright 

i (Art. 136), while, it 


disc, surrounded by alternate dark and bright 
the lens is cylindrical, its outline is the same as a slit, whose diffraction 


pattern is a bright central maximum with subsidiary 


separated 


by minima on either side. Each distant point object will produce its 
own diffraction pattern with the centre at the place wfiere the point 
image would occur. The question we have to decide is how far af^art 
must these diffraction patterns be for the two patterns to hr diitite^uished 
ns separate? It is clear that they must be far enough apart to allow the 
intensity in between the two centres to diminish by a finite amount, but 
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placing two 

distinguished 


by the e,e and 

It turns out that the average obser\'er ran * atnraction patterns. 

maximum of one pattern faHs on the two images, when the 

in Fig. 228. " minimum of the other as shown 

We can now calculate the resolving power of a telescope with a cylin- 
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drical objective (Fig. 229) bringing a parallel beam of rays from a distant 
object to a l.ne focus at F. The first minimum of the di^ffraZn 
produced by the outline of the lens will be at F,, such that AF, -BF,=r 

Then a wavelet from A destroys one from O at F, and similarly for an v 

pair of wavelets on the plane wave front at the lens half the width of the 

lens a^rt. Hence the wave front can be divided into two halves AO 

and BO, the one destroying the other at F, by interference. By Vhe 
same reasoning as was used in Art. 121 ^ 


AFj-BFj 


ABxFF 


OF 


FF 


D 


Fig. 230. 

where D is the wi^th AB of the lens. This object, at which the axis of 

pointed, will be resolved from a second object if the centre 
o t e 1 raction pattern of the second object, or its geometrical image, is 

therefore make an angle a with those from the first object 
V so that a is the resolving power of the telescope. But 

^__FF,^A 
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If the telescopic objective is a spherical lens with a circular outline, the 
diffraction pattern is a central disc surrounded by a set of alternate dark 
and bright rings. Strict mathematical treatment shows that the radius 

of the first dark ring is and, as before, two objects will be resolved 

when the centre of the diffraction pattern of one falls on the first dark 
ring of the other. So the angle subtended at the objective by two objects 

o 1*22A 

which can just be distinguished as separate is • — - . which is the resolving 




power of the telescope. Taking A as ( 
the 40-in. Yerkes refracting telescope 


D 

10“5 cm., the resolving power. 


10-5 


40 


A 

^ 

radians or 0*15 


The resolving power of the eye is about 2\ and so the telescope must 
magnify or about SOO times to take full advantage of the large 

diameter of the objective. But any further magnifying power is useless, 
since it would not be accompanied by any more resolution. This point 
must alwavs be taken into account in the design of a telescope. 


144. THE DIFFRACTION GRATING 

The function of a diffraction grating is to produce a spectrum and 
grain in a spectrum means the ability to separate two lines w’hose wave- 
lengths are very nearly the same, such as the sodium Dj and D 2 lines. 
The less the difference in wave-length between two lines which can just 
be separated, the greater the resolving pow-er of the grating and it is 

defined quantitatively as the ratio — , w'here dX is the difference in 

dX 

wave-length of two lines of mean wave-length A which can just 
be separated. 

A full mathematical treatment of the grating shows that the diffraction 
pattern consists of a set of main maxima, whose directions are given by 
equation (79), separated by alternate minima and subsidiary maxima. 
As with the telescope, two lines will be distinguished as separate by the 
average observer when the principal maximum of one falls on the first 
minimum of the other. It seems, then, as if it is quite easy to increase 
the resolving power of a grating. It is only necessary to make it produce 
a wider sp>€ctrum by increasing its dispersive power and increased resolv- 
ing power will follow. But dispersive power in a grating is like magnifying 
power in a telescope and increase in resolving pow'er docs not accompany 
increase in dispersive power any more than it does increase in magnifying 
power. For, if a grating produces the diffraction patterns of the tAvo 
sodium lines with their principal maxima at A and B (Fig. 231), the lines 
win not he resolved, because the principal maxima are too wide. If 
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power is used, it wiU make the centiea 

of the diffraction patterns at A' and B' further apart, but thU will be ™ 

ratio ! Therefore the 


same 




Fig. 231. 

resolving power of the grating can only be increased by making the central 
maxima narrower without altering the dispersion of the grating. We must 
therefore calculate the angular separation of the centre of the principal 
maximum and the first minimum. Let AB represent a horizontal cross- 
section of the complete grating with N lines altogether and let a parallel 
beam of monochromatic light of wave-length A fall normally on it (Fig 
232). Let N be an even number. Then, if the path difference between 
the rays from the extreme slits at A and B diffracted in a certain direction 
IS A, there will be a minimum in that direction. This is because the path 
difference between the rays from any two slits half the width of the grating 

apart is - and so the two rays destroy each other. Plence the rays from 

one half of the grating destroy those from the other half and so a minimum 

is produced in the given 
direction. Minima are also 
obtained in the directions for 
which the path difference 
between the rays from A and 
B is 2A, 3A, 4A, and so on. 

The minima for path 
differences of 3A, 5A, and so 
on, can be established by 
dividing the grating into two 
halves ; that for path differ- 
ences of 2A, 4A, and so on, by 
dividing it into 4, 8 parts 
and so on. If N is an odd number, the above argument is applied 
to N — 1 lines of the grating, the light from the remaining slit being ignored, 
as its intensity is too small to matter. But principal maxima are produced 
in those directions for which the path difference between the extreme 
rays from A and B is NA, 2NA, 3NA, and so on, since rays from con- 
secutive lines reinforce one another. Let the direction AC be the principal 
maximum of the order spectrum of wave-length A. Then 

AC=«NA 
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If a slightly smaller wave-length X-dX is sent normally on to the ^ting, 
its principal maximum in the order spectrum will lie along a dircrtion 
slightly less inclined to the direct beam than AC. But, if this line is to 
be separated from that of wave-len^ A, the first minimum after the 
above principal maximum must also lie along AC. Hence 

AC=(nN+l)(A-^A) 

/. „NA=(«N+1)(A-<£V) 


A>-«N/i\-dA=0 


A 

“ dX 


«NH-1 


= nN (80) 

Since N may be 10,000 and n may be 2, it is quite legitimate to neglect the 1 
in comparison with «N. Therefore the resolving power of the grating 
is controlled largely by the total number of lines in the grating, while 
the expression for the dispersive power shows that it is controlled largely 
by the number of lines per unit length. If this latter number is 
increased so as to get the centres of two lines further apart without 
increasing the total number of lines in the grating, the resolving power 
will not ^ increased. If the lines were not resolved before, they will not 
be resolved by the new' grating and for precisely the reason illustrated 
in Fig. 231. It really comes to this: the less the angle between the 
principal maximum of a line and its first minimum, the greater the 
resolving power of the grating. In order to go from the maximum to the 
^ next minimum, the direction of the rays must be changed so as to increase 
or decrease the path difference AC by A. The greater the number of 
wave-lengths AC contains, the less this change in direction will have to 
be ; that is, the greater the number of lines in the grating, the less the 
angle between the maximum and minimum and so the greater its resolving 
power. 


145. THE PRISM 

Let AE represent a* plane wave front of monochromatic light of W'ave- 
length A incident on a prism, which produces a refracted wave front DH. 
This wave front passes through a slit limiting the amount of the prism 
effectively employed by the beam of light passing through the slit. If 
n is the refractive index of the glass for the given W’ave-length, we have 
by the principle of equal times 

AB-f « . BC-|-CD=EF-f-n . FG-bGH 

If a second plane wave of wave-length X^dX is sent along the same path, 
the refracted wave front will be DK, the angle between the two w'a\'e 
fronts having been considerably exaggerated. In this case we have 

AB-+-(«-f //n)BC-f-CD=:EF-b(«-b<f7/)FG + G K 
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Subtracting the first equation from the second, we have 


dn . BC=:dn . FG~HK 


<^/?(FG~BC)=HK 


The principal maximum of the wave-length A lies along the 
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normal to DH, while that 
of A — dX lies along the normal to 
DK. If these two lines are to be 
resolved, the first minimum of A 
must lie along the normal to DK. 
This minimum is produced by 
diffraction at the slit and the 
path difference between the ex- 
treme rays from D and H in that 


direction must be A. This path difference is equal to the length of the 
normal from H on to DK, which is almost equal to HK. 

HK=A 

dn(FG-BC)=^X 

1 he greatest value which (FG — BC) can assume is the length, 7, of the 

base of the prism. Therefore the greatest value for the resolving power 
of the prism is given by 


A 


t 


dn 


dX dX 


( 81 ) 


To resolve the two sodium D lines of wave-length 5*896 Xl0~5 and 
5*890x10“^ cm. needs a resolving power of 


5*896x10-5 

0*006x10-5 


1000. It is 


5000 


centimetre used with a spectrometer whose telescope will use 1*5 cm. 
of the grating, giving a resolving power of 15,000 in the second order 
spectrum. But it is not easy to get the necessary resolving power in the 
usual flint glass prism. 

Wc started out in this chapter to answer two questions and to follow 
up a clue. If light is waves, why does it travel in straight lines : And 
can we demonstrate, in the case of light, the diffraction which other waves 
show } Are the bands observed by Grimaldi inside and outside the 
shadow'^ of a wire an example of this diffraction which we are seeking ? 
We have obtained a satisfactory answer to all our questions. Light 
travels in straight lines only because its wave-length is so small compared 
to the linear dimensions of the obstacles and apertures used in demon- 
strating rectilinear propagation ; it can be diffracted as is shown by the 
bright spot at the centre of the shadow of a circular obstacle ; and 
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Grimaldi’s bands were indeed due to diffraction, as the combination of 
theoretical prediction and experimental measurement showed. But we 
have gone a long way beyond our original terms of reference. In 
studying other cases of diffraction for their own sake, we have been led 
to the discovery of the diffraction grating, a most powerful weapon for 
the measurement of wave-lengths. We have hinted at its power to 
unravel the complexities of the s^ctral lines and we may expect much 
from this new field of investigat^n which opens itself before us. For 
dare we not hope that the spectral lines hold the key to the nature of the 
atom, since they are emitted by atoms themselves ? We shall make a 
brief reference to this topic later, but we must close on a more practical 
note. Our interest in the nature of light has led to a deeper under- 
standing of the purpose of pptical instruments and how they achieve 
greater resolving power ; so once agai^ the pursuit of knowledge for its 
own sake has led to fruitful practical application and the debt which pure 
knowledge owed to industry, in that the desire to improve telescopes was 
the starting-point of Newton's work in Optics, may now be said to have 
been repaid. 


EXAMPLES ON CHAPTER XIV 

1. Explain how the wave theory of light accounts for reflection, refraction, and 

diffraction at g alit. Explain how to calculate the wave-length of light by measure- 
ment of the diffraction pattern. {^Oxford Schol.) 

2. A parallel beam of white light strikes at right angles a plate in which a very 
small circular hole is bored and falls on a screen after passing through the hole. 
Describe the appearance on the screen and how it varies as the distance between 
the plate and the screen increases and decreases. 

If the plate with the hole in it were replaced by a snaall circular disc, at right 
angles to the incident light, what would be the appearance on the screen ? What 
part did the latter experiment play in the controversy which arose as to the validity 

of the theory of interference ? {Camh. Schol.) 

3. Write a short account of the bending of light waves round obstacles, and 

explain in particular (a) the fringes observed near the boundary of the geometrical 
shadow of e atraight edge, and (b) the bright spot which may be observed at the 
centre of the shadow of a suitably illuminated disc. {London B.Sc.) 

4. Diacuas the phenomena of diffraction, illustrating your answer by consider- 
ing in detail one of the following cases : 

(a) The distribution of intensity along the axis of a circular ap>erture illuminated 
by monochromatic light from a point source on the axis. 

(b) The distribution of intensity in the focal plane of a converging lens illumin- 

ated by a parallel ^eam of monochromatic light, the aperture of the lens being 
limited by a slit. {Tripos, Part I.) 

5. Discuss the phenomenon of diffraction at a straight edjge. Describe fully 
how you would obtain the wave-length of light in this case, stating precisely 
what measurements you would make on the apparatus and the fringes and how 
you would calculate the wave-length of light from them. 

6. A vertical slit illuminated w'ith' sodium light is placed in front of a vertical 
screen .-and in between there is placed (a) a narrow' A'ertical aperture, (b) a narrow’ 
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Vertical obstacle. Describe fully and explain carefully the effects observed on 

the screen m each case, ma^g suitable comparisons. What bearing 
effects on the wave theory of light ? wirmg nave tnese 

slit illuminated with sodium light of wave-length 
0 rlitr ‘ ^ shadow of a yertical copper wire 1 mm. in diameter and 

nfThA K ^e* Calculate the distance apart 

of the bands inside the shadow and the total number of bands which can S sS? 


-X.. 


V, 


8 

of a 


:he foral plane 

mm. which is 


iin^inated by a parallel beam of monochromatic light. 

How would you in practice produce the parallel illuminating beam ? Give 

magnitudes of the important parts of any apparatus which you 
would use. {Camb. Schol.) 

9. What is a zone plate ? Show clearly how it forms an image of an object 
and derive an expression for its focal length in terms of the necessary quantities * 

It IS required to rnake a zone plate with a focal length of 50 0 cm. for lieht of 
wave-length 6 X 10- o cm. Concentric circles whose radii are proportional to the 
square roots of the natural numbers have been drawn on paper, the radius of the 
smallest circle being 10*0 cm. Calculate the distance at which you would place 

this paper from a 10*0 cm. focal length converging lens in order that the image 
termed may be the right size for the above zone plate. 

10. Compare the chro^tic aberration of a zone plate with that of an ordinary 

lens. iJiscuss the possibility of making an achromatic lens of a zone plate and an 
ordinary' crown glass lens. 


11. Explain the action of a diffraction grating. IV^onochromatic light of wave- 
length 6'56xl0-Scm. falls normally on a grating 2 cm. wide; the first order 
spectrum is produced at an angle of 18° 14' from the normal. What is the total 
number of lines on the grating } {Oxford Scho^ 


12. A diffraction grating* used at normal incidence gives a green line, 
A = 5400 A.U., in a certain order superimposed on the violet line,' A=4050 A.U., 
of the next higher order. If the angle of diffraction is 30°, how many lines are 
there to the centimetre in the grating ? (1 A.U. = 10-8 cm.) {Camb. Schol.) 


13. How would you use a diffraction grating to determine the wave-length of 
sodium light } A steel scale eqgraved with lines 1 mm. apart is used as a reflection 
grating. Calculate the angulav separation of the first and second order spectra 
for sodium light of wave-length 6 X 10— ^ cm. if the light is incident at a grazing 
angle of 1°. {Camb. Schol.) 


14. Parallel light from a mercury arc is incident on a plane diffraction gating 
at right angles to the lines of the grating, but making an angle 0 with the normal 
to the grating. Th'e'green radiation (5461 A.U.) is observed in the third order to 
be transmitted at an angle of 41° 42' to the normal, while the violet radiation 
(4358 A.U.) in the same order suffers 7° 18' less deviation. How many lines does 
the grating have to the centimetre and what is the angle of incidence ? (1 A.U. 
= 10—8 cm.) {Camb. Schol.) 


15. Describe with the necessary theory, how you would use a diffraction grating 
to measure the wave-length of sodium light. 

A grating has 6000 lines to the centimetre. Find the angular separation of the 
two yellow mercury lines (wave-lengths 5770 and 5791 Angstrom units) in the 
second order. {Camb. Schol.) 

16. Explain the action of a diffraction grating, and desciibe how you would 
use it to measure wave-lengths. 

Why is there a lower limit to the difference of wave-length which can be detected 
by a grating spectrometer ? {Camb, Schol.) 

1 7 . When a parallel beam of monochromatic light falls normally on a diffraction 
grating of m lines per cm. several orders of spectra may be observed, provided 
the wave-length of the light is not too great. What is the limiting value of the 
wave-length if the nth order spectrum is just observable (deviation *90°) ? Show 
that by a suitable rotation of the grating it is possible, when the latter conefition 
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has been rcafised, to reduce the deviation of the «th order specti^ to 
Lstrument for light of neighbouring wave-lengths ? {Camb. Schot.} 


wavc-lenirth of lisht be detenni 


(Camb. Schol 


19. Explain the formation of spectra by means of a diflmetjon grating. 

What is the highest order spectrum which may be s^ w^oer^cm I 

to 7 X 10-6 cm.) which^incide with the fifth order spectrum of 

20. Describe the spectrometer, explaining clearly the functions of its con- 

s?m^e*^ting spectrometer, the grating of which has 6(K)0 lines to the centi- 
metre, has its telescope replaced by a ^mera whose leris is Un^s 

What will be the linear separation on the plate of the sodium D lines (wave-lengths 

5890 A.U. and 5896 A.U. respectively) in the second order spectrum ? ^ 


21. Describe a method of measuring the wave-length of , State the 

observations you would make, and prove any formula you would use. (C/. and C.) 

22. Write as complete an account as you can of the plane transmission grating. 
Deduce an expression for the wave-length of a spectral lirie seen m the nth 

order spectrum, assuming the grating to be adjusted for minimum deviation, 
and calculate the vyave-length corresponding to a mmimum deviation of 30 
in the second order spectrum, assuming 10,000 lines per cm. {London B.Sc.) 

23. Describe and give the theory of a method of producing a spectrum by 

means of a diffraction grating. Explain what is meant by diffraction spectra of 
different orders, and discuss the conditions which would result in the absence 
of the spectra of even order. {London B.Sc.) 

24. Describe and explain the difference between the spectra produced by a 
prism and a diffraction grating. 

Show by calculation that the second and third order continuous grating spectra 
oveiiap. (The limits of the continuous spectrum may be taken as 4000 A.U. 

and 8000 A.U.) {N.UJ.B.) 

25. If a vertical sodium llame is examined through a diffraction grating with 
its lines vertical held close to the eye, the flame itself is seen together with a number 
of images on either side of it, the images getting fainter the further they are from 
the bright central image. Explain how these images are produced and calculate 
the angle between the central image and the one next to it, if the grating has 

50(X) lines per cm. 

26. Describe what you would expect to see if you were to look at a point source 
of white light through a handkerchief with its threads horizontal and vertical. 
Make numerical calculations to give some idea of the magnitude of the effects 
expected. What will happen if the handkerchief is stretched in a horizontal 
direction ? 


27. Explain the action of the diffraction grating, distinguishing between its 
dispersive and resolving pow’ers. Light is incident normally on a grating I cm. 
wide with 2,500 lines ; find the angular deviations of the two sodium lines in the 
first order spectrum. Would you expect the tw'o sodium lines to be distinguishable ? 
The wave-lengths are 5890-2X 10-** cm. and 5896 4 x 10-8 cm. respectively. 

(London F!.Sr^ 


28. Explain the action of a grating spectrometer. 

What is meant by the resolving power of a spectrometer ? Deduce an expression 
fni the resolving v'lower of a grating spectrometer. {Tripos, Part I ) 

29. Whut evidence is there in support of the w'ave theory of light ? 

{Oxford Si /jol.) 
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to discriminate between the'corpSar“n"iSat^‘[he^rie8 o^fhghr™** 

32. How is the rectilinear propagation of light explained on the 
10 \vu ... iT^Pos t Part I \ 

oD.ical iniLumLTKenerally^dnTf^fth «'«* » 

i;d.. propagation > ^S"V.hTrcic“umsVn"?s^>;vrM “f 

.naallcr the larger the ob^ctit e^of tL*SSc:p'‘e^Ltu^Xh\TvL';^^ "> 

(Camb. Schol.) 



Chapter XV 

POLARISATION AND DOUBLE REFRACTION 


146. INTRODUCTORY 

We have seen that the evidence in favour of the wave theory of light is 
overwhelming and the next question which arises is what sort of waves ? 
And are they transverse or longitudinal ? That is, are the vibratioiis of 
any particle in the medium through which the waves are passing al<mg 
a line perpendicular to the direction of propagation of the waves or parall^ 
to that direction ? We can hardly attempt any serious answer to the 
first of these two questions in this book beyond suggesting that the waves 
are the propagation of some condition in the ether which pervad^ the 
whole of the universe and whose peculiar properties were mentioned 
when we were discussing theories of light (Ch. 10). It was their conception 
of the ether which led Huygens in 1690 and Young and Fresnel some 
hundred years later to reject the idea of transverse waves. They argued 
in this way : we know that there cannot be transverse waves in the air 
or any fluid, for that fact, since it has no shape ; such a medium can 
only transmit compressional waves, which are longitudinal. Then how 
can the ether transmit transverse waves, when it is much less dense than 
air and much more mobile, since it offers no resistance to the motion of 
the planets through it ? But is this a sound attitude of mind towards 
this problem ? Is it not more scientific to see what facts there may be, 
which bear on the problem, and let them decide the theory ? The impossi- 
bility of having transverse waves in this ether is not a conclusive argument 
against transverse waves ; it may 
be an argument against regarding 
the ether as a very rarefied fluid. 

It is interesting that the facts 
* were already known to Huygens 
and still more familiar to Young 
and Fresnel, but it was a long 
time before they would face their 
natural interpretation. Let us 

consider them. Calcite or Iceland Fig. 234. 

Spar is a mineral form of calcium carbonate and it crystallises in 

the form of a rhombohedron, ABCDEFGH (Fig. 234), in which the 
corners at A and G contain three obtuse angles, while the other corners 
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contain both obtuse and acute angles. A line making i 

the three edges meeting at A, or any line parallel to if, 

should be emphasised that the optic axis is only a Section nof^ Hpfi 
hue and the principal plane is not a definite plane ; there mav * 
number ot principal planes parallel to a given particular one. ^If a rav 

-O rays (Fig. 235), one. called the ordinary rayS’it o4 fthfura” 

straight through the crystal, the other beine 
CaJied tae extraordinary ray, since it does not obey Snell’s law Thi^ 

IS ca.led double refraction and it follows that, if a dot be made on a sheet 

j-een (hig 236), the one Oj being due to the ordinary rays, the other 
Jt, being produced by the extraordinary rays. The extraordinary image 



H 



is displaced along the diagonal AH starting from one of the two corners 
containing three obtuse angles and in the sense away from that corner. 
The amount of the displacement is proportional to the thickness of the 
cr\ stal. The facts of real interest for the nature of light waves emerge 
when a second cr 3 ’stal, represented in dotted lines, is placed on top of the 
first one and rotated (Fig. 237). When the two crystals are in identical 
positions, two images are still produced, the distance between them being 
twice as great as before ; in other words, the two crystals behave like a 
single crystal twice as thick as the first one. Another interpretatioo 
of this result is that the ordinary ray produced in the first crystal passes 
through the second one as an ordinary ray without any further splitting 
up, the same thing being true of the extraordinary ray. If the second 
cr^'stal is rotated through a small angle about the normal to either refract- 
ing surface as axis, two further images are produced in the positions 
shown ; it is clear how' they are formed. 0^2 is that due to the ray which 
goes through both crystals as an ordinary ray, E |2 that due to the ray going 
through both crystals as an extraordinary ray, while E 1 O 2 is due to the 
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and the second 


an extraordinary 


first crystal 
rav. This 


follows 


ordinary image is displaced along the diagonal 
comers containing three obtuse angles. The 


separation between these 







Fig. 237. 

pairs of images increases as the second crystal is rotated, but, when it 
has been turned through a right angle, only two images are formed again, 
0,E2 and E 1 O 2 . It is clear that the ordinary ray in the first crystal becoines 
the extraordinary ray in the second and vice versa. A further rotation 
of the second crystal causes two other images to appear once more, 
but, when it has been rotated through two right angles, only one image, O, 
in the position of the ordinary image formed in one crystal is seen. This 
is due to the fact that the ordinary ray in the first crystal goes through the 
second as an ordinary ray, while the extraordinary ray in the first goes 
through the second as an extraordinary ray. As this crystal has been 
turned through two right angles, its displacement of the extraordinary- 
image is in the opposite sense to that in the first crystal and the image 
formed by the extraordinary image coincides with the ordinary image. 

What are we to make of these facts ? The first crystal splits the light 
into an ordinary and extraordinary ray and, in general, the second crystal 
takes each ray and splits it up again into one which behaves as an ordinary 
ray and the other as an extraordinary ray. The two exceptions to this 
generalisation are when the crystals are either parallel to or at right angles 
to each other. What explanation can we offer of this double refraction if 


A 

light waves are longitudinal ? What is the difference between the ordinary 
and the extraordinary rays ? Huygens assumed that the ordinary ray 
tra\elled in the ether alone, while the extraordinary ray'^ travelled in a 
medium which was a mixture of the ether and the crystal, the two different 
media accounting for the difference in behaviour of the two rays. But he 
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I 1. "i. explanation of the above facts with two crv«*«ia 

to be olS 


by the impossibility of transverse waves ; 


which was his 


dictate 


property 


rdinary 


difference 


ordinary ray in one crystal becomes the extraordinary 


from 


two 



also 


ordinary image by the addition of a second crystal 


iLj> uccoming smgie agam twice 

r • ® ® tiiat. ulc iisnx emerff^ 

mg from the crystal was “ one-sided.” Expressine his thonch® tei^L 


^ 1 1 , wcoaxxg mo Liiuugncs m terms 

of the corpuscular theory, he postulated that the corpuscles were to be 

regarded a.Q fAnv «• -• ^ . 


* -j 7 — laxsav iiic wrpuscics were to be 

regarded as havmg four faces parallel to the direction of the ray of light 

one nair navmor r^rxf^ VlnA *^^1 i • «•« . • 


. . . ui ulc ray or iiffnt. 

one pair having one kind of polarity, something like the N pole of a 

niiipnet. and thf^ ntVi^r i • .% 


polarity. 


angles 


I ' 1 witn one polarity in the ordinary ray were at right 

angles to those having the same polarity in the extraordinary ray. This 

Wmilfj of* OT-^^r 4>t.« _ 1_ _ « « • 


. " 11 i' ^ vTstvti unc two crystals 

either parallel or at right angles to each other. Newton 

..i^. L.. 1 • . - « - * 


^ vv/ vav.li vLixci. i>icwtons solution or 

this problem is yet another example of his uncanny intuition for being 

P^Uldf^d in nic irl^oc r j . «« • « • 


himself 


aistracted by the apparent impossibility of finding a mechanic 
working thought model to explain his classification of them. His idea 

or one-sidf^d l-r^rnr • .1 «• « 


^ . o * ww lilo uiac>9iiicsiuon or mem. ms laea 

of one-sided corpuscles may have been wrong in the light of later 

evidence hut hie 


^ xxgxii aiii.* me iiiimc polarised iigni was derived 

from his conception of the two sets of poles of the one-sided corpuscles. 

But it was over a hundreH anH fiftv xr«ro..e i.:- t 


crystal 


fifty years before his xueaa weic uiwt/i- 

porated into the wave theory of light ; let us look at the further 

these puzzling facts and to fit them 


into a consistent scheme. 


147 . POLARISED LIGHT 

We shall start with a simple experiment which can be done with a 
thin plate cut from a crystal of tourmaline, which is a doubly refracting 


B C 



F E 


Fig. 238. 


itaUising in the hexagonal system. Let ABCDEF (Fig. 2 
thin plate of tourmaline cut parallel to a hexagon^ base 
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the crystal, AD being the principal CTystaUc^phic axfe of 

normally^ on another plate of tourmaline placed parallel to the 6nt one 
and with their axes parallel. Light will emerge from the second plate. 

If this plate is now rotated about the ray of light as axis, the intensity 
of the emergent light will diminish untU it is zero when the prmapal 
crystallographic axes of the two ciy^tals are at right angles to each other. 
When the second crvstal is rotated further, the intensity of the emergent 
light increases again until it is a maximum after rotation through a further 
right angle, when the axes of the two crystals are once more parallel. If 
the rotation of the second crystal is continued, the emergent light goes 
through one more minimum and becomes a maximum again when 
the second crystal has been rotated through four right angles. This is 
a clear indication of the “ one-sidedness ” of light and it strongly suggest 
that the light waves must be transverse, as the following similar experi- 
ment with material waves will show. Let a spiral spring and a rope 
hang vertically from the ceiling side by side and let there be a slot whose 
width is equal to the thickness of the rope or spring. If compressions 
and rarefactions are sent along the spring by moving the bottom of it 
up and down, they will travel through the slot unhindered, if the slot is 
placed half-way up the spring with its length at right angles to the length 
of the spring. This is true however much the slot be rotated in its own 
plane. Now let the slot be placed half-way up the rope in a horizontal 
position with its length north and south. If the end of the rope be moved 
to and fro in a north and south direction so as to produce transverse 
waves, they will pass freely through the slot. Let the slot be no\v rotated 
in its own plane, that is, keeping it horizontal. The amplitude of the 
waves transmitted by the slot will decrease until it is zero when the 
length of the slot is east and west. It will increase to a maximum again 
when the slot has been turned through a further right angle, and W'ill go 
through another minimum and maximum in a further two right angles 
of rotation. The result of this experiment is precisely similar to that with 
light and the tourmaline crystals and shows that light waves must 
be wholly transverse, since the intensity of light passing through crossed 
tourmalines is zero. If there were any longitudinal component in light, 
it would get through the tourmaline, which acts as a slot for light waves, 
and none gets through. This simple experiment, admitting of only one 
interpretation, forces ns to the conclusioii that light waves are trans- 
verse. It is unfortunate that the ether seems to be incapable of transmitting 
transverse waves, hut we shall be wise to postpone this difficulty until 
further evidence about the nature of light resolves it, 'bhere is no 


question that the above experiment admits of no other interpretation. 
The Ihstory of scientific investigation is full of periods of uncertainty of 
this kind, in which the facts seem to demand an interpretation which is 
rationally impossible. Such contradictions are not a sign of failure ; they 
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both sets of ideas and resolve the contradiction. 


en^tM 





transverse vibrations in ordinary light. 


urmaline plate is called 
clear that ordinary light 
precise character of the 
nd tourmaline is called 

sidedness 


It. 


Both plates are essentially the same ; they act as slots for Hght waves 

and one is used for producing the one-sidedness and the other for detecting 

Since the vibrations of the particles of the medium produced by the 

light emerging from the first tourmaline are confined to the same plane 
such light is called plane - » 

and plane polarised light 


polarised 


ordinary light 


partially plane polarised light 


two maxima 


two minima are obtained in each revolution of the analyser, but the 
minima are not complete. 


148. POLARISATION BY REFLECTION 

In 1808 Malus was doing some work for a Prize Essay on Double 
Refraction and examined the reflection of the setting sun in a window 
through a calcite crystal. He was surprised to notice that, in certain 
positions of the calcite, he could see only the ordinary image and for 
others only the extraordinary image. To see if the eflfect was due to the 
reflection at the window or to some effect of the atmosphere on the sun*s 
light, he repeated the experiment with a candle reflected both from a water 
surface and from glass and found the same results. They suggest that the 
ordinary and extraordinary rays from a calcite crystal are polarised or 
one-sided, as Newton had thought over a hundred years earlier, and that 
the mirror can act as an analyser. If it can act as an analyser, it can serve as 
a polariser too, and the following experiment can be tried. A ray of light 
is sent on to a glass plate P (Fig. 239) at an angle i and the reflected ray 

A/ falls at the same angle of in- 

cidence on another plate of 
glass A, giving rise to a re- 
flected ray parallel to the 
original incident ray. The 
plates P and A are set with 
their planes of incidence 
parallel and the intensity of 
the final reflected ray is a 
maximum. If the plate A is then rotated about the ray incident on it 
as axis, keeping the angle of incidence che same, the intensity of the final 
ray goes through two minima and maxima in each revolution, the minima 
occurring when the planes of incidence of A and P are right angles to each 
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other. The minimum intensity of the light is not zero, unless the angle 
of incidence, i,„ has a special value called the polarising angle, which 
is about 57° for glass. In this case, the first glass plate acts as a polar- 
iser and produces plane polarised light and the second plate acts as an 
analyser. Thus polarised light can be produced by reflection and 
Brewster found the following relation between the polansmg angle 
and the refractive index n of the reflecting medium : 


tan ip—ti 


which is known as Brewster’s law. The reader should prove that, when 
light falls on a mirror at the polarising angle, the reflected and refracted 
rays are at right angles to one another. It also follows from Brewster s 
law that, if white light is incident on a mirror, the reflected light can never 
be quite plane polarised, since the polarising angle is different for different 
colours and, if the angle of incidence is the polarising angle for one colour. 


it is not so for any other colour. 

When a ray of light falls on a glass plate at the polarising angle, the 
reflected ray is plane polarised. In what direction are the vibrations of 
the medium taking place ? To what plane are they confined ? We do 
not yet know the answer to this question, but until we do we can specify 
the plane of polarisation by choosing some arbitrary plane which is 
decided by the position of the mirror producing the polarised light. We 
may find that the vibrations do not occur in that plane at all, but, as long 
as they always make the same angle with it, it will suffice for the present. 
The plane chpsen is the plane of reflection of the mirror and it is called 
the plane of polarisation of the reflected light. So light polarised by 
reflection is said to be polarised in the plane of reflection. We shall now 
describe another way of producing polarised light, which tells us the 
actual plane to which the vibrations are confined. 


149. POLARISATION BY SCATTERING 

It is well -known that light is scattered when it encounters particles of 
about the same size as the wave-length of light. The scattering of light 
by small particles accounts for the blue of the sky and it can be produced 
artificially by passing a beam of light through a suspension of small 
particles in water. This can be made by adding a drop or two of a solution 
of gum mastic in alcohol to a tank of water T (Fig. 240) and, if a horizontal 
beam of white light is sent through the tank, the suspension will appear to 
be blue from the side due to the scattered light. If the light scattered 
horizontally in a direction at right angles to the incident beam is examined 
in an analyser A, such as a glass plate, it will be found to be plane 
polarised. This is just what we should exj>ect, since the vibrations in both 
the incident and scattered beams must be perpendicular to the direction 
of propagation of the waves and the only direction at right angles lo both 
beaniis is the vertical direction. Hence the vibrations in the beam scattered 
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horizontally at right angles to the incident beam must be confined to a 
vertical plane ; thus this beam is plane polarised, as the analyser shovra, 



Fig. 240. 


and, in addition, the vibrations are confined to a vertical plane. But the 
experiment shows that the light reflected £rom the analyser is a maximum 
when the plane of incidence is horizontal, so that the analyser passes 
vibrations which are normal to its plane of incidence. Therefore it also 
pioduces plane polarised light, in which the vibrations are normal to the 
plane of incidence. The plane to which the vibrations are confined will 
be called the vibration plane, and it is at right angles to the plane of 
polarisation. In future, we shall specify the direction of vibration in 
plane polarised light by the vibration plane, since it avoids confusion. 

Any analyser acts as a kind of slot for light waves, allowing only those 
waves to pass whose vibrations are in the direction of the slot. If waves 
fall on it, whose direction of vibration is not along or normal to the direc- 
tion of the slot, the analyser allows only that component of the vibration 
in the direction of the slot to pass. If the vibration plane of the incident . 
light makes an angle d with the vibration plane passed by the analyser, 
the amplitude of the vibration passed by the analyser is a cos By where 
a is the amplitude of the incident wave. Hence the intensity of the trans- 
mitted light is cl^ cos or I cos "^By where I is the intensity of the incident 
light. This is known as Malus’s law and has been made the basis of a 

photometer, since it enables the illumination of a surface to be varied to 
a known extent. 


150. ORDINARY LIGHT 

We have now shown that light is a completely transverse wave motion, 
but we have still to decide the precise nature of ordinary light, which 
shows no variation in intensity when examined with any known analyser. 
The analyser will make plane polarised light out of ordinary light ; what, 
then, is ordinary light ? For scientific purposes we have to construct a 
model which will satisfy the above fact about ordinary light, namely, 
that the intensity passed by an analyser is independent of the position 
of the analyser about the ray of light as axis. There are two possible 


PLATE VI 



Fig. i. Diffraction at a narrow 
obstacle showing the unequally 
spaced fringes outside the geo- 
metrical shadow and the equally 
spaced fringes inside it. 
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Fig, 2 Diffraction of electrons by a thin 

film of metal. 
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Fig. 3. The Balmer series in the hydrogen spectrum. 
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Fig. 4 . The helium spectrum. 
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Fig ^ The band -.pec* rum of nitrogen 
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which will satisfy the above condition. The fint regartb ordinary 
a transverse wave motion, in which the directioii of vibration 
! particle of the medium assumes all possible positions m less 
It follows from this that, at any one given instant, the direction 
af.Vsrs different oarticles of the medium along the ray arc 


different. 


analyser 


passing in any ^ sec. will be the same, whatever Ae dire^on 
ration plane passed by the analyser, since the direction of vibra- 
le oarticle of the medium at that point assumes all possible 


vision. 


positions in that time. Also the eye cannot detect any variations ot 
irstrsr^city witlun R shortcf time than that, owing to the persistence of 
T The second, and perhaps more fruitful, view is to regard ordinary 

light as consisting of two independent plane polarised beams of equal 
intensity I with vibration planes at right angles to each other. The word, 
independent, connotes that the two beams are not coherent and so cannot 
interfere with each other. Therefore the resultant intensity is found Ifj/ 
finding the intetisity of each beam and adding the hvo together^ not by adding 
the amplitudes algebraically and squaring the result. If the reader asks 
why the two plane polarised beams are indepenent, the answer is that this 
condition is necessary to produce ordinary light, which is, after all, what 

we are tr^ ing to do ! 


beam 


V W ef ^ 

with its vibration plane making an angle 6 with that of one of the two 
components of the ordinary light, that component has an intensity I cos^ 6 
on emerging from the analyser, while the other has an intensity 1 sin^ 6, 
and the sum of these tw'o intensities is I cos^ ^+I sin^ f^=l, independent 
of the angle 6 and therefore of the position of the analyser. 


151. THE PILE OF PLATES 


The pile of plates is another type of polariser and analyser and it 
is based on the fact that light can be polarised by reflection. It 
consists of a set of about seven thin glass plates, such as microscope 
cover slips, placed in contact with their plane at an angle of 33^ to 
the axis of the wooden tube^n which they are mounted (Fig. 241), the 
inside of the tube being blackened to absorb light reflected by the plates. 



Fig. 241. 


If a ray of light parallel to the axis of the tube fails on the pile it will be 
incident at an angle of 57^, the polarising angle for glass. Hence the light 
reflected from the first plate w'ill be polarised with the vibration platie 
at right angles to the plane of the paper. We may regard the incident 



Text •Book on Li^ht fcHAP. xv 


ordinary light as two independent components of intensity I with vibration 

liXTs f to the plane of the pape^ The reflected 

ght IS plane polarised, because the glass plate reflects some 10 per cent 

ot the component whose vibration plane is peipendicular to the^lane of 

he paper, but reflects none of the other component. The traiimitted 

ight is therefore partially plane polarised. At the reflection at the second 

plate, some more of the component with its vibration plane perpendicular 

to the plane of the paper is reflected and all the other component is 

ransmitted together with still less of the component with vibration plane 

at right angles to the plane of the paper. The filtering out of this com- 

pone^nt continues at each successive reflection, until the transmitted light 

consists entirely of the component whose vibration plane is in the plane 

ot the paper. About seven plates are sufficient to do this and the 

emergent beam is then plane polarised. Quite good polarisers and 

analysers can be made in this way and it is now time to use them to 

investigate and clear up the problem presented by the effect of two calcite 
crystals on a ray of light. 

It will be remembered that, if a ray of light is sent on to a calcite crystal. 

It is split up into an ordinary ray and an extraordinary ray. If each of 
these rays is examined with a pile of plates or any other analyser, each 
IS found to be plane polarised, the vibration plane of the ordinary ray 
being perpendicular to the principal plane of the crystal and that of the 
extraordinary ray being in that plane. This experiment is merely a 
deliberate repetition of Malus’s observation of the setting sun in a window 
through a calcite crystal and we see that our guess as to why he saw 
only one image in certain positions of the crystal is correct. It is clear 
that the calcite crystal acts as a combination of two slots, one in the 
principal plane and the other at right angles to it, and that it will only 
transmit rays whose vibrations are in the directions of these two slots, the 
one vibrating in the principal plane being transmitted as the extraor- 
dinary ray and the other as the ordinary ray. If a second crystal is placed 
over the first, the amplitude of the ordinary ray must be resolved into 


two components, one parallel to the principal plane,/ which will be trans- ■ 
mitted as the extraordinary ray, and the other perpendicular to the principal 
plane, which will go through the crystal as the ordinary ray. • If the 
crystals are orientated identically, the direction of vibratiop of the ordinary 
ray from the first crystal is perpendicular to the principal plane of the 
second and so it goes through the second as an ordinary ray ; similarly 
ior the extraordinary ray. Hence only two images are formed, as was 
seen in Art. 146. When the second crystal is rotated through an angle 0, 
the ordinary ray of intensity I in the first crystal gives rise to an ordinary 
ray of intensity I cos2 0 in the second producing the image 0,2 in Fig. 237, 
and an extraordinary ray of intensity 1 sin2 9 giving the image 0,E2. The 
extraordinary ray in the first crystal gives rise to an .ordinary ray of 
intensity I sin2 0 and an extraordinary ray of intensity I cos^ 0 in the 
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second crystal, these rays producing the images E 1 O 2 and E 12 respectively. 
This general case serves as the basis of the explanation of any other 
possibility which may occur with two crystals. How simple do these 
r<nmn)tr9t<>d farts annear. when we have found the clue which is needed 


Newton should have 


sec 


correct. 


extraor 


expressed 


property which can be 


152. DOUBLE REFRACTION 

It is now time to turn to the other aspect of double refraction, which 
is the peculiar behaviour of the extraordinary ray. What are the facts ? 
The ordinary ray obeys Snell’s law, but the extraordinary ray has a value 

which varies with the direction of the ray relative to the optic 


of 


sin i 


sin r 


axis. It is the same as the value for the ordinary ray along the optic axis, 
and differs most from it in directions at right angles to this axis. There is 
no double refraction for rays travelling along the optic axis, but tw'o 
refracted rays or waves are produced in all other cases. On the wave 
theory, the refractive index of a medium is the ratio of the velocity of light 
in air to that in the medium, and the fact that the refractive index of the 
extraordinary ray varies with direction proves that the velocity of the 
extraordinary wave is different in different directions. Thus, while the 
secondary wavelets producing the ordinary wave front are spherical, those 
giving rise to the extraordinary wave front must be of a different shape. 

There are two clacsses of doubly refracting crystal, the uniaxial crystal, 
such as c|uartz, tourmaline, and calcite, in w’hich there is only one optic 
axis, only one direction in which no double refraction occurs, and the 
biaxial crystal, such as borax, mica, and selenite, in which there are two 
directions in which there is no double refraction. In future only uniaxial 
crystals will be considered and Huygens decided to try the following 
extension of his principle to explain double refraction in such cr^^stals 
Each point of the existing wave front is to be considered as the source 
of secondar>' wavelets, the wavelets being spheres in the case of the ordinary 
wave front and ellipsoids of revolution about the optic axis for the extra- 
ordinar>- wave front. The two possible cases are illustrated in Fig 242 • 
It will be seen that the ordinary wavelet lies wholly within the extraordinary 
wavelet m the case of calcite, a negative crystal, while the opposite is 
the case for quartz, a positive crystal. Calcite is called a negative 
^•stal because, as we shall see. the extraordinary rav is refracted further 
from the optic axis than the ordinary ray ; it is, as it were, repelled by 
t-^e opfic axis. It is seen that the two Xfavekts touch ^ 


at the 


optic 
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axis, thia bmg necessary to jsccount lor the absence of double 
along ^is direction. The reader should keep quite clearly in bu xukd 
what Huygens was attempting at this stage ; he was tryihg to chwsify 
the facts about the extraordinary ray, to make them follow from^ 




O 


Optic axis 



Optic axis 


Quartz 


Calcite 


Fig. 242. 


above simple extension of his principle 
classification of the facts. It remains t< 

facts. If it does, it still remains tn Kf* 


Thfe was not 


guess will 


seen 


crystal produces two wavelets and why the C 3 rtraordinary 
be. an ellipsoid of revolution. We shall now consider 


terms 


153, HUYGEN’S TREATMENT OF DOUBLE REFRACTION 

We will consider first of all the case of a plane wave front incident 
obliquely on a crystal such as calcite, which has been cut so that the 
optic axis OA is in the plane of incidence but not parallel to the refracting 
surface (Fig. 243). The construction follows the usual lines, AB being the 
incident wave front and CDq and CD* being the ordinary and extra- 


ordinary refracted wave fronts respectively. 


extraordinary 


AD* is further away from the optic axis- than the ordinary ray AD®, 
but it does lie in the same plane as the incidenr ray and the normal to 
the refracting surface, thus obeying the first part of the law of refraction^ 
But, if the optic axis is not in the plane of incidence, the exercise of a 
little imagination will enable the reader to visualise the corresponding 


traordinary i 
‘ is abnormal 


every respect 




244 shows the case of a plane wave fallinor obliauelv on a surface 


and 


case and it may 
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be mentioned tbat the extraordinary ray AD, is not even norm^ to the 
extraordinary wave front CD,, as was also the case in the previous 

The next ease is that of a plane wave falling obliquely cm a surfue cut 


^ e * • 


\Ai‘‘ '' 




Fig.'243 . 



Fig. 244. 


so that the optic axis is normal to the plane of incidence (Fig. 245). Since 
the extraordinary wavelet is an ellipsoid of revolution about the optic axis 
as axis, the section of this ellipsoid by the plane of incidenre is a ciccle. 
Hence the sections of both the ordinary and extraordinary wavelets in the 
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plane of incidence are circles and so each ray obeys Snell’s law 
gives us a wav of V c»nci* s law. 
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extraordinary 


This 


angle 


that 
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Fie. 245. 



perpendicular to the optic axis. The refractive indices of a number of 
doubly refracting substances are given in Table 16. 


Table 16 



The case of rays falling normally on a surface with the optic axis in 
the plane of incidence but oblique to the surface is illustrated in Fig. 246 
and shows that the ordinary and extraordinary wavelets may be parallel 
and yet the two rays are separated due to the extraordinary ray not being 
normal to its wave front. Rays incident normally on a surface with the 
optic axis in the plane of incidence and parallel to the surface are shown 
in Fig. 247 and here both the wave froiits and rays are parallel to each 
other. Although there is no separation of the rays in direction, there is 
double refraction, for the rays travel at different speeds along the same 
line and so the wave fronts do separate. This is an important case and 
the reader must be sure that he understands it. He should draw for 


himself the case of normal incidence on 


a surface which is at right angles 


» 
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to the optic axis, when he will obtain a result similar to that just meii<- 
tioned. Finally the case of rays incident normally on a surface with Uic 



O.A. 


Fig. 247. 



optic axis also normal to the surface is shown in Fig. 248 and it will he 
seen that there is no double refraction in this case ; neither the rays 
nor the wave fronts separate. It has been stated already that this absence 
of double refraction along the optic jixis is an experimental fact and it 
merely remains to add that the remainder of the above predictions from 
Huygens’ extended principle are likewise verified experimentally. But 
Iluygens was not able to take the next step of explaining why ilie crystal 
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ght 
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of revdutir Tv*** T *> “‘^ordinary wavelet is an ellipsoid 
shall not go into it." ‘his boot and we 



Any device^ for producing plane polarised light from ordinary light 
must reduce tne intensity to half of its initial value, since it eliminates 
one of the two independent plane polarised components of which ordinary 
light may be assumed to consist. But the two polarisers which we have 
described reduce the intensity still more than this. The tourmaline plate 
absorbs the extraordinary ray to some extent as well as the ordinary 
ray completely, while the pile of plates absorbs a considerable proportion 
of that component which finally emerges plane polarised. So it is desir- 
able to design some device which will produce plane polarised light with 
the minimum of absorption and two such devices have been produced. 
One is about a hundred years old, while the other has only been invented 
in the last three years. The first is the Nicol Prism. It is made by 
cutting a crystal of calcite (Fig. 234) into two halves by a plane along 
the line AG, joining the two corners containing three obtuse angles, 
and perpendicular to the principal section ABGH of the crystal. These 
two portions of the crystal are then cemented together again with 
Canada balsarp, when the whole looks as transparent as it did before it 
was cut. But the refractive index of Canada balsam, 1’55, is intermediate 
between that of calcite for the ordinary and extraordinary rays (Table 16). 
If a ray of light falls on the crystal as shown in Fig. 249, it is split up 
into the ordinary and extraordinary rays, the latter making the greater 
angle with the optic axis. The ordinary ray now falls on the Canada 
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balsam, an. optically less dense medium, at an tl^ 

critical ang. tube in which the crystal is mounted 



Fig. 249 


Canada balsam 


is an optically less dense medium for this ray. It c^ot be to^y 
reflected on reaching the other half of the calcte, since f "8^ 

of incidence in the first portion of the calcite is ss than 90 Therefore 


Canada 


angle 


the crystal and emerges as a plane polarised ray with its vibraUon plane m 
the p^cipal plane of the crystal. If we look at a crystal end on. t^ 
plane is parallel to the diagonal AF (Fig. 234). Such a crystal, raoimted 
in a bladkened tube to absorb the ordinary ray reflected to one side, is 
called a Nicol Prism and it is one of the most efficient polansers known. 
Its only drawback is its expense, since calcite crystals large enough to 
pass a beam of light an inch wide are rare and narrow beams miwt be 
used. Therefore bright images cannot be obtained if a Nicol Prism is 
^s^d in the formathm of the image. There is one further small 
point to be noticed. If the incident ray makes a much smaller angle 

X - ^ a 1 * 1 \\ ^,..11 .- w — 


faU 


the 


while, if the incident ray makes a much larger angle with a A than mat 
shown, the extraordinary ray will be so nearly parallel to the optic axis 
that its refractive index will not be greatly different from that of the 

- • « « 1 . 11__ 1 a.. ^ 


ordinary 


Canada 


VF X VSAS ass* j ^ 11 n j 

medium even for the extraordinary ray and it will be totally reflected. 
Therefore parallel rays having a direction about that shown in Fig. 249 
should be sent through a Nicol prism if completely plane polarised light 


maximum 


155. POLAROID AND ITS POSSIBILITIES 

The more recent polariser referred to in the previous article is called 
Polaroid. It is effectively a large single crystal of herapathite, which is 
a periodide of quinine sulphate. The crystals of this substance are 
doubly refracting and, like tourmaline, absorb the ordinary ray, trans- 
mitting only the extraordinary ray. A large single crystal is produced 
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by suspending ul.ra-nucroscopic crystals in nitro . 

pure nitro-cellulosc above and below th. T "■'■•o-cellulose with a layer of 
then forced under pressure through a ike hT*"T?' is 

all the tiny crystals in the slrjLttt in Tri 

act effectively as a single crystal anH th ^ liquid. The tiny crystals 
two glass plates, the vibration plane of .f between 

on the frame in which the plates are fixed being marked 

diameter can be obtained for two or thret' Polaroid an inch in 

inches in diameter can be bought P I . discs five or six 

substitute for all the purposes for which^Nir'^ Promises to be an excellent 

extreme ends of the spectrum. ^ ^ ^ polariser except at the 

It has an interesting commercial possibility Th^ ^ i c 

»ci a way of overcoming Z di/? ' 

done, if ail headlighZrffitted w.Th di." ®^" 

vibration plane of the light transmittedll °/ L° arranged so that fhe 

wise direction as seen hv th. a ®‘ “ a clock- 

car A looks at ihe road throughZm",, ^ °f » 

plane parallel to those of thp d' ^ P^^5 Polaroid with its vibration 

any objects l luLtted bv the I'* »ee 

reflection of that liZ back to h 1 iT I«adlights since the 

But the Polaroid d c through ww‘T iT T*. ®^“®® ?'“*• 

the headlights of an onZing ^ n **oP '-gh, from 

tea on for thTs h 1 the vZ f “""r ‘^“^'® “ ^he 

headlights of c r B was o T ^ " f •‘''® “““ ‘h' 

plane of L polaroid discs is nowTs^ To tL‘° "'’t- T** ‘^® 

plane theTc tlffghwhf^h rt^ f T”" 

headlights caiTbe^^^ ^ general when the discs for the 

neadlights can be produced at a reasonable price. 

156. ROTATION OF ^I'HE PLANE OF POLARISATION 

inspired up to the present by the question ; 
S rse .P We W seen that'they are 

of plane oolari&ed investigations have led us to the conception 

fnew^dL of V detection. It is not Jong after 

sugll t ^ew d ' 1 '' established before it is made use of in turn to 

ggest new ideas and applications. We have already seen how the 
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conception of interference was investigated in order to see if Ugta ^ 

„rtwr fi C and even as a sundard of length. It was found by 
l^in mi that, if a ray of ordinary Ught is pas«d ‘*“““8^ a plam 

Son planes at right angles to each other the ernergent 

no. extinguished as is the case in the ‘‘bsence of the quartz A i»lai^ 


crossed 


to DC crosseu, iiiiw ^ t\x^ 

vibration planes perpendicular to each other and passmg no light in the 

absence of any other doubly refracting material in between thein. Arago 

Sed that .L emergent light could be extinguished once mom hy a i^m 


rotation 01 tne anaiysci unutxg.x ex - --o - -u. 

the vibration plane of polarised light which passes through ,t along 


propor 


opx,ic axis. i 1110 1 u CCS 1. • - - X , , 

tional to the thickness of the quartz and inversely proportional to the 


mm 


SQuare oi me wave-avugna — o — - r - i* ux. 

20 ° C. produces a rotation of 16-4° with red light, 21-7 with yellow light. 


and 47*5° with violet light. 
Some specimens of quartz 


rotation 


OUIllC — - JU 

direction when seen by an observer looking at the quartz towards the 
source of light, and are called dextro-rotatory, while others produce an 

anti-clockwise rotation as seen by an observer similarly placed and are 

* 


rotatory 


rotating 


exhibited by certain liquids and solutions, such as turpentine, solutions 
of sugar and tartaric acid. The rotation of a given wave-length by a 
si^lution at a given temperature is proportional to the length of the solution 
and its concentration in grams per c.c.. The rotation 9 due to a solution / 
cm. long of concentration c gm. per c.c. is given by 


.V X / X r 

10 


where 5 is the specific rotation of the solution at the given temperature 
for the given wave-length. It is the rotation produced by a solution 
10 cm. long of concentration 1 gm. per c.c. Some solutions are dextro- 
rotatory and others laevo-rotatory, and, as with quartz, different varieties 
of the same solute can give rise to dextro-rotatory and laevo- rotatory 
solutions. It is evident that this phenomenon can be used to find the 
strength of a solution, if its specific rotation has been measured. All that 
is needed for this purpose is a pair of crossed Nicolsor a similar polarising 
device ; the analyser is set in the position to extinguish the emergent beam 
and the solution is inserted. The analyser is then re-set so as to extinguish 
the emergent beam once more and, if it is provided with a circular scale 
rn.irktd in degrees, tlie rotation of the solution of known length can be 


iCHAP XV 

measured and iis strength can be calcujated. . If this methn^ • . • 
an uncertainty of two to four degrees in the valued A* roLtio^'*™ 

device IS needed which will enable the analvser m 7’^ 


quarter 


described ; there are a nnmh^r rtf One such device will be 

the reader must consult more advan^VCfoif h!“ 

of them. All of them aim at thl^ n .n • ^ ^ 

analyser in the crossed position. setting of the 
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POLARIMETER 


s> 


This consists of an ordinary Nicol Prism P (V,cr ^ 


This is 


P 





Fig. 250. 


& 


..Sf'^SraSdt n“'S “”h’ 

ra. IS. 7 . ».a,.-sh.p^ p2?;, JJ'i 77™ tr, ::f 7*7 

m, so that the vibration planes of\riigit7as::rb;l^^^^^^^^^^ 
make a small angle with each other. If a ray of moLhrLaric 

light is sent through the polarimeter with- 






E 


w I yyillim 

out any solution in the tube the analyser 
can be rotated to such a position thai each 
half of the field is equally bright. To un, 
derstand how this can be done, consider Fig. 
252, in which XOX' is the direction of 
vibration of the light passed by the polar- 
iser and OV^j and OV 2 are the directions of 

^ a.' ^ ^ . 


‘ , vibration passed by the half 1 and half 2 

mspectively of the analyser. If ,he analyser is turned so that OV. 


normal 


If the analyser is turned so that OV, 

r‘ 1 *L '11 7" 7 — * ^ faintly illuminated. 

Conversely ‘he smaji clockwise rotation needed to make OV, perpen- 

dicular to XOX transforms the field of view so that half 1 is now 

' r ... ^ ^ This marked transformation 

occurs for a '■o‘«ion of two or three degrees and half-way in between is 

a position so that the augk between OV, and OV, is bisected by YOY', 

the line perpendicular to XOX'. In this ease each half of the field is 


illuminated 
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equally bright. Utis setting can be made «> a quarter of a d*^*"^* 
p^ition ofihe analyser is read on a circular scale marked in degtees. Wjuc 

^ The 


shown 


tube of solution, whose rotation is 


to be measured, is now placed in 


position and. the vibration plane 


of the light emerging from fhe 


tube will no longer make equal 


angles with OVj and- OV 2 
two 


look unequally bright. The an- 



alyser is then set to make each 
half equally bright. once more and 

• • read. The 


Its new position is 
difference between these two 


readings gives the angle through 

tube of solutic 


I 


i 

I 

t 

I 

I 

I 

! Y 


Fig. 252. 


^ion plane and from which the strength of the solution 

lam be calculated, if its specific rotation is known. 


158. FURTHER POLARISATION PHENOMENA 

Faraday was always convinced that there was a connection between 
magnetism and light and he actually sought for the Zeemann effect, which 
concerns the way in which spectral lines are modified, when the 
atoms emitting them are in a strong magnetic held. His apparatus 
was too crude to detect the effect, which was discovered by Zeemann 
some sixty years later. But he did discover one connection between 
magnetism and light by showing that a magnetic field can cause rotation 
of the vibration plane of polarised light. If a plate of glass is placed 
between the poles of an electro-magnet, whose pole pieces are bored so 
that light -an pass through the glass in the same direction as the lines of 
force, and crossed Nicols are placed on either side of the glass, the light 
is extinguished in the aosence of a magnetic field. As soon as the electro- 
magnet is excited, the light appears again, but it can be extinguished by a 
suitable rotation of the analyser. The angle a through which the vibration 
plane is rotated is proportional both to the length I of the field and its 

strength H, so we have 

a=f;/H 


where c is called Verdet’s constant. It is the rotation produced by a 
field of 1 gauss 1 cm. long. It is 3-4" for lead glass. 4-4* for molten 
sulphur, 2-5" for carbon disulphide. The vibration plane is usualh 
rotated in the same direction as the flow of the electric current, whigh 
would produce the magnetic lines of force causing the rotation. Some 
substances produce a so-called negative rotation in the opposite direction 
to this. It follows that the direction of the rotation for a given observer is 
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and 


same 


reflection The n ’ is greatly magnified by this repeated 

reHection. The opposite is the case with optically active subs^ces 

such as sue^ar snlnttrvnc 4.u_ j- .• . ouusianccs, 


seen 


the 


■’ * v- » os- VI , su mat. inc rotation is 

fhrnnol, a Source to the observer and is reflected back 


through the solution towards the source again. 


.Ti’l discovered by John Kerr in 1865. Normally 

ISS IS ISOtronir* hilt if n • % * * _ ^ 




condenser and an electric field is switched oV.;L;;re:Voubrr:f««- 

in^» Jr 9 ?* 5 JV r\T IlrrK^- 1 _ At \ ^ 


If o r 1- t ^ viuuuiy rciraci- 

;; . ^ ?r f r"* glass, it is split up into two com- 

ts travpilinrt- Pit vavr*£* 


a ^ O opiit uu IIIIU two com- 

olane -^Pol--ed with the vibration 


nlanifs olrvrvo 4 ^U 1 • l- JK'^aawov.Vl Willi Ulc Vioration 

1 “ . “>5 o*!*- with the vibration 


n. • i_ t . wiui ulc vioranon 

fc- r®lr„r- ‘il”- » » wave-lengths 


a.i_ n 111 wave-ienetiis 

between the two components after passing through an electric field of 

Strenpfri H. vr^ltc r\<oii* I ^.v u 7 • i 


strength E volts per cm. of length / is given by 


« = ife/E2 


where k is the Kerr constant for the substance used. Its value for iiitro- 


xto V< 11 UC lur iiirro- 

benzene, a common substance exhibiting a strong Kerr effect, is 2-7 x 10-8 

A conripn.Qpr \x7ith i ..i i . • 


A condenser with nitro-benzene between the plates is called a Kerr cell 

anri if cuo-k « ^1 i i_ . a . 


11 . - *o a aivvil' ceil 

and It such a cell is placed between crossed Nicols. no light will emerge 
in the absence of an electric field. If a field is switched on between tL 


-*xa.*v* .lo uii uclwcen me 

plates of the condenser, the nitro-benzene becomes doubly refractinc 

nnri enm^ lirrU^ r _ i . r ® 


and some light emerges from the analyser. Let us imagine that the 

in Kf /Yf**^*^ A.\ _ 1 » • > _ -a _ ^ 


w - — wo tiiat me 

vibration plane of the polariser is at 45° to the lines of force of the field 

^ ^ 



which are along XOX' (Fig. 


253). The light incident on 
the Kerr cell represented by 
OB is resolved into two com- 


ponents of equal amplitude, 


m A 

one vibrating parallel to the 


lines of force represented by 


OC, the other vibrating per- 


pendicular 
represented by OD, travelling 
at different speeds. When they 
cmeige from the cell, there will 
be a phas§ difference between 

which 


them : let 


would be 


It 

the 


be 


TT 


case if one 


component had gained half a 
wave-length on the other. The 


tJl Vrj I Ai&W • X AIV 

two vibrations are now represented by OE and OD. If the analyser is 

A.1 I * .t * ^ 


^ I u me aiiaiybcr is 

crossed with the polariser, the component of each of these vibrations in 
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the direction OA of the andyser will be in phase and so light of finite am- 
plitude, represented by OF, will emerge from it. This power of the 
Kerr cell to pass light through crossed Nicols by applying an electric 
field to the cell can be used to change varying electric ^"cnts into 
beams of light of var>ung intensity and it has been employed both m the 

transmission of pictures by telegraph and in television. ^ 

Finally, polarised light is being used in engineering to detect the 
presence of strains in structures such as bridges. If an unstrained. P»®ce 
of glass is placed between crossed Nicols, no light comes out of the 
Nicols, but if the glass is strained it becomes doubly refracting and some 
light emerges from the analyser. The presence of strain at a particular 
place is revealed by the presence of light at that place in the glass and the 
extent of the strain can be estimated from the colour, if white light is 
used. It is important that the glass used for making lenses should be 
free from strain and it is tested by examination between crossed Nicols. 
4'he presence of strain in a structure, such as a bridge, is tested by building 
a model of the bridge in an easily strained transparent material, such as 
zylonite, and examining the model between crossed Nicols. It is possible 
to deduce the magnitude of the strain at each part ot the model from 
the appearance of the field and therefore the strain to be expected at the 
corresponding parts of the actual structure. The technique of this im- 
portant advance in engineering was initiateciby Professor Coker, who is an 
authority on photo-elasticity. The strains to be expected in a bridge of 
reinforced concrete to be placed over the Rhone at Balme w^ere investi- 
gated in this way by Mesnager. • 


159. CIRCULARLY AND ELLIPTICAIXY POLARISED LIGHT 


We have already seen that the ordinary and extraordinary rays travel 
along the same paths at different speeds, when a ray of light falls normally 
on a plate of doubly refracting material cut so that the optic axis lies in 
the refracting surface (Art. 153, Fig. 247). Since the waves travel at 
different speeds, they become separated and a phase difference of 
increasing value is produced between the ordinary and extraordinary 
weaves at the same point of the crystal, as the wave travels on through it. 


TT 


If the crystal is so thick that the phase difference is — on emergence, it is 

called a quarter-wave plate, because one wave gains a quarter of a 
wave-length over the other in passing through the crystal. If light falls 
on crossed Nicols, with a quarter-wave plate placed between them so 
that the vibration planes of the ordinary' and extraordinary rays in it are 
at 45"’ to those of the polariser and analyser, the intensity of the light 
emerging from the analyser remains the same if tlie analyser is rotated. 
The quarter-wave plate seems to hav’C converted the plane polarised light 
into ordinary light once more ! It seems to have depolarised the plane 
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* V rt . nils wnen investigating the 

ot total reflection at a glass-air surface on polarised light 

What is the nature of this depolarised light ? Since the vibration plane 
of the light incident on the quarter- wave plate is at 45® to the two vibration 
planes passed by the quarter- wave plate, the incident light is resolved 
into two vibrations of equal amplitude and zero phase difference in two 
perpendicular directions. These vibrations emerge from the quarter- 

wave plate with a phase difference of 3 and we have already seen (Art. 

120) that two vibrations of the same amplitude and period with a phase 

difference of ^ along lines at right angles to each other combine into 


a circular vibration. Therefore the light emerging from the quarter-wave 
plate is called circularly polarised light, each particle of the medium, along 
which the light ray passes, describing a circle of the same radius in the 
same time. The analyser naturally produces no variation in intensity 
of the light, since such a circular motion can be resolved into two simple 
harmonic motions in any two mutually perpendicular directions. How 
can this circularly polarised light be distinguished from ordinary light ? 
It IS done by passing each through a quarter-wave plate. The ordinary 
light will be unaffected, since it may be regarded as two independent 
components plane polarised in the two vibration planes of the quarter- 
wave plate and the phase difference introduced is immaterial, since t^e 
two components are incoherent. But the circularly polarised light will 
be resolved into two simple harmonic vibrations along the two vibration 


planes of the quarter- wave plate and a further phase difference of - will 

% 2 
be introduced, so that the two components will emerge with a total phase 

difference of Tt and will therefore combine into a single simple harmonic 

vibration (Art. 120). Therefore the passage through a quarter-wave 

plate does not affect ordinary light, but it converts circularly polarised light 

into plane polarised light, which can be distinguished from ordinary 

light in the usual way. It is interesting that the quarter-wave plate 

depolarises plane polarised light and can also polarise this “ depolarised ” 
light ! 

Since two simple harmonic motions of unequal amplitude and the 
same period executed in perpendicular directions with a phase difference 




combine to an 


• • 

elliptical motion, elliptically polarised light canhe pro 


duced by putting a quarter-wave plate between crossed Nicols with its 
vibration planes at any angle to those of the polariser and analyser other 
than 45°. The light emerging from the wave plate wilb'be elliptically 
polarised and, 'if it is examined in the analyser, it will give two maxima 
and two minima not of zero intensity in each revolution. It thus resembles 
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polarised light 
passing 


distinguished from partially plane 


vibration planes parallel to those of the first one, when the two linear 
vibrations, into which the elliptical motion is resolved, will have their 
phase difference increased to tt and will combine to form plane polariacd 
light on emerging from the second quarter-wave plate. But partially 
plane polarised light is unaffected by a quarter-wave plate and so the 
emergent light can be distinguished in the two cases. 


160. A DETERMINATION OF THE VELOCITY OF LIGHT 
BY KAROLUS AND MITTELSTAEDT 


We have already seen (Art. 106) that the velocity of light may vary 
with time and the way to test this is to devise an accurate laboratory' 
method, which can be permanently set up for determinations every six 
months. Fizeau’s toothed wheel method could be adopted for this 
purpose, if only the toothed wheel could rotate at a million revolutions 
a second. This is out of the question with a mechanical v\4ieel, but it is 
now possible to replace it with an “ electrical toothed wheel ” based on 
the Kerr effect, which will cut off the light intermittently at a rate corres- 
ponding to the above speed of rotation of a mechanical wheel. If a Kerr 
cell is placed between crossed Nicols, it transmits no light in the absence 
of the field and passes light when the field is switched on (Art. 158). So 
the field is like a space and the absence of the field like a tooth. The 
modern thermionic valve used in wireless receivers and transmitters has 
made it possible to produce varying electric fields with a frequency of 10"^ 
cycles per second, and to hold this frequency constant to ±200 cycles per 
second. If such a field is applied to a Kerr cell between crossed Nicols, 
the light is alternately passed and stopped 2x 10"^ times per second. A 

time of — — sec. elapses between one passage of the light and the 


next stoppage and light travels a distance of some 7 metres in this time. 
So the Kerr cell used in this way could be applied to Fizeau’s method 
with a base-line of 3-5 metres. 

Karolus and Mittelstaedt used a rather different compensation method, 
illustrated in Fig. 254, in which a ray of light passes from a source S 


through crossed Nicols Nj and N,, between which are placed crossed 
Kerr cells, and K 2 . The lines of force of the electric field in each cell 
are mutually perpendicular and at 45° to the vibration plane passed 
by the Nicol N,. If no electric field is applied to- either cell, no light is 
seen by an eye at E. If a steady electric field of the same value is applied 
to each cell, no light is seen at E again, because the phase difference 
produced by the first cell between the two rays, into which the incident 
light is split, is exactly annulled by that due to the second one. If a 
vaKe oscillator is now made to supply to eacli cell a varying electric 


. f 
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field of the same amplitude, frequency, and phase by connecting the 
plates of each rell in parallel with one of the condensers of the os^ator, 
still no light will be seen at E, if the distance between the two cells is 
zero. 1 his is because the light takes no time to pass from one cell to the 
other and therefore the strength of the field at the second ceU, when the 
light passes through it, is the same as its value when that portion of the 
light was passing through the first cell. So the double refraction produced 



Fig. 254, 


by the first cell is compensated out by the second one and no light emerges 
from the Nicol Nj. If the cells are a finite distance apart, however, some 
light will emerge from the second Nicol, because the strength of the field 
at K2> when a portion of the light passes through K2, is not the same as 
its value at K|, when that same portion of light was passing through Kj. 
Hence the double retractions of the two cells do not cancel out and some 
gets through the system. But darkness can be restored once more by 
adjusting the frequency of the electric field, so that the light goes from 
one cell to the other in one cycle of variation of the electric field. If the 

value of this frequency,/, is found and the distance apart of the cells is </, 
the v'elocity of light c is given by 

ji 

r 



It is equally possible to adjust the frequency so that k cycles elapse, while 
the light passes from one cell to the other, when we have 
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line of 300 metres obtained 
om 4 to 8. They obtained 
experiments have yet been d 


repeated reflections and a value of k f 

value of 299,778±20 km. per sec. No 
to test the variation of the velocity of light with time, but this 
has possibilities and it will doubtless be tried very soon. 


EXAMPLES ON CHAPTER XV 


1 . It has been said that the vibrations of plane polarised light take place in a 
plane perpendicular to the plane of polarisation. Say what you understand by 
the words in italics. On what experimental evidence does this statement depend ? 

{Oxford Schol.) 

2. Describe how you would produce a parallel beam of plane polarised mono- 

chromatic light. Give an account of the principal phenomena exhibited by 
polarised light. {Oxford Schol.) 

3. Write a short essay on the polarisation of light. {Camh. Schol.) 

4. Describe a method of producing a beam of plane polarised light. 

How would you distinguish between a beam of plane polarised light and a 
beam of unpolarised light ? Is there any other possibility ? {Camb. Schol.) 

5. Elaborate the statement that, as far as concerns solid transparent media, 

Snell’s law applies only to amorphous substances and to crystals of the highest 
type of symmetry. ' {Camb. Schol.) 

6. A parallel beam of light is incident normally on the plane face of a doubly 
refracting positive crystal. Construct both the refracted wave fronts and the 
refracted rays when the optic axis is (a) in the plane of incidence and parallel to 
the refracting surface, (b) perpendicular to the plane of incidence. 

7. Describe with clear diagrams cases of refraction in which (a) the rays are 
not perpendicular to the wave fronts, (b) double refraction occurs but two rays 
are not produced. Would you expect the two rays to show interference on emergiiig 
from the crystal } Give reasons for y'^our answer. 

8. A horizontal ray of light passes through a Nicol prism with its? principal 

and then on to a calcite crystal with its principal plane horizontal. 
The light then falls on to a screen. What will be seen on the screen and how will 
the appearance change as the Nicol prism is rotated through 360'^ ? 

9. A calcite cry'stal is placed on a pencil dot on a horizontal piece of paper 

^ u calcite cry^stal is placed above the first one. Describe and explain 

what happens as the upper cry'stal is rotated about a vertical axis. 

10. Describe the manufacture and properties of polaroid and discuss its industrial 
possibilities. 


11. Describe and briefly explain the special feaUirc in the transmission of lii 
through ( 1 ) Iceland spar (calcite), (ii) quartz, and (iii) tourmaline. 

Explain the construction of a quartz half-wave plate, and ealculate the ihi 
ness of such a plate for sodium light (A = 5890 A.El.E eiVen that thn 


- I Kill 

5890 A.Eh), given that the appropri 

{London li.L 


ness of such a plate for sodium light (A 

refractixe indices arc 1-5442 and 1-5533. \^L.onaon M : 

12. A parallel beam of sodium light is incident on a 60'’ calcite prism cut v 

ih imh!." 'T edge of the prism. If the priMU is set 

e I. deviation, calculate the dista 

r! , <’rdmHry and the extraordinary image of the D line. ,f the spectr 

h converging lens of focal length 30 cm. Find i 

so that tlie extraordinary 
"I’Climum deviation. The extraordinary and ordinary r ^ 

~ lUMC^s of calcite for sodium light are 1-486 and I pSS respectively. 
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infra-red spectra ? 


calcite is speciaUy transparent to infra-red radiation. In view 
iow would you cut a calcite prism for producing and imSuri^ 


in wateYud«trrm,^1;TS,a'’rLtetT^^^ »“*«' 

the effect in the laboraW ^ Describe how you ^wuld measure 

r» 1 - s . ; {.Oxford Sehol.) 

rp?ef S£ f " 

simple arrangement of polansmg and analysing Nicols is unsuitable. ^ 

1 C _ {London B. Sc. ^ 

’ • ^ description of the Laurent polarimeter and exnlain thi* iw'i-tnn 

Its various parts. Discuss the merits of thfa partic^lS ^e of^”rto^t^*“" 

ifi /-• s . {London B. Sc.) 

^ description of some form of polarimeter suitable for measurinir tbe 

Rv Ik“ •” ^ y**' “““ of ro^ionTroSl by m<*TmluS 

y what other means is it possible to rotate the plane of poUrisation of light ? 

17 , {Tripos, Part I.) 

folIowS'^^ SnJl° wntribudons to the study of optics of the 

w- ^ ^ ^ I^resnel. {Camb. Schol.) 

18. Write a short essay on the polarisation of light, describine briefly methods 

-d W circu^larV, polaS ISIlT DiSSi 

interterence of light polarised m different planes. {Camb. Schol.) 

liffht ’ polarised light may be converted into circularly polarised 

light. Give the theory of any instrument used. {London B Sc!) 

in n^rr (a) Nicol’s prism, (b) a pile of plates, (c) a tourmaline 

in producing polansed light. How can circularly polarised light be produced ? 

{London B.Sc.) 

rc^ polarised light, (b) circularly polarised light, 

(c) elliptically polarised light } How may each of these be produced } ‘ 

ITow would you distinguish between 

(a) unpolarised light and circularly polarised light, 

1 • elliptically polarised light on the one hand and a mixture of plane polarised 
light and unpolarised light on the other ? {Tripos, Part I.) 

22. Describe how polarised light may be produced and detected. Explain the 
colours seen when a parallel beam of light is passed through a Nicol prism, a 
piece of strained glass, and a second Nicol prism in series. {Tripos, Part I.) 

9^ measuring the velocity of light which can be set up 
over the short distance available in a laboratory. 


Chapter XVI 

THE EXTENSION OF THE SPECTRUM 



161, THE INFRA-RED 


We concluded Chapter V by stating two problems. We had replaced 
the physiological sensation of colour as a means of specifying different 
kinds of light by the physical quantity refractive index, but the refractive 
index of a given kind of light was different in different media. We 
required some kind of absolute refractive index, like an absolute tempera- 
ture independent of the properties of a particular substance. We have 
already obtained the answer to this problem, for we have substituted for 
refractive index as specifying a given kind of light its wave-length, which is 
a number characteristic of the light and nothing else, if we use the wave- 
length in a vacuum. So the wave-length of light in a vacuum is our 
absolute refractive index ; it is the way of specifying the kind of light 
with which we are dealing. The second problem was this : if refractive 
index or wave-length, rather than physiological sensation, is the proper 
way of specifying the kind of light with which we are dealing, why should 
light stop at wave-lengths of 4 X lO"^ and 7-5 X 10”5 cm. ? It is obvious that 
any waves whose w'ave-lengths lie outside these limits will not affect the 
eye, as we know by experience, but that is no reason why such waves 
should not exist. We cannot call them light waves, if they do exist, but 
we shall call any waves in the ether radiation, using the term visible 
radiation to denote light. 

To see if such waves do exist outside the limits of the visible spectrum, 
,we must produce a spectrum and search for them beyond the red and 
violet respectively. But what detector shall we use when the eye fails } 
Light produces two other effects besides the sensation of sight ; it 
produces heat, if it falls on a body which absorbs it, and it affects 
a photographic plate. In 1800 Herschel detected the presence of waves 
beyond the red end of the spectrum by their heating effect and they are 
called infra-red radiation from their position relative to the visible 
spectrumr. He produced a spectrum in the usual way and placed the 
bulb of a thermometer, which had been blackened to make it absorb all 
the radiation falling on it, in the violet end of the spectrum. The rise 
in temperature w^as very small. As he moved it towards the red end, the 


rise in temperature increased and grew bigger when the thermometer 


moved beyond the red end of the spectrum. 


'I'he maximum temperature 
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recorded by the thermometer occurred at a point some distance beyond 
the red end of the spectrum. ^ 

The best methods of detecting and measuring infra-red radiation 
depend on allowing it to fall on an instrument, which absorbs it and 
converts it into heat, which causes a rise in temperature in some mechanism 
very sensitive to temperature changes. The two main types of instrument 
which are fully described in the author’s Text Book on Heat, are the 
thermo-pile and the bolometer. The thermo-pile is essentially a 
thermo-couple, one junction of which is exposed to the radiation, the 
other being kept at a constant temperature. The radiation heats up the 
one junction and causes a current to flow in the circuit, whose magnitude 
is proportional to the amount of radiation falling on the junction in unit 


time. 


arms of a Wheatstone 


forming 


balanced 


strip is then exposed to the radiation, which raises its temperature, alters 

The galvanometer 


balance 

deflection is proportional to the rate at which radiation falls on the bolo- 
meter. Finally infra-red radiation can be detected nowadays by suitable 
photographic plates. The original plate was sensitive to the blue and 
violet only ; then the orthochromatic plate sensitive to the green was 
produced, followed by the panchromatic plate, which is sensitive to the 
whole visible spectrum. This was produced by dyeing the emulsion 
with eosin, or erythrosin, or ethyl red. Finally plates sensitive to the 
infra-red were produced by dyeing them with a group of substances known 
as the cyanines. We shall not describe how the above methods of detect- 
ing and measuring infra-red radiation can be used to find how the number 
of ergs of radiation emitted per unit area in unit time varies with the 
temperature and nature of the source, as this problem is treated in the 
author’s Text Book on Heat. We shalF confine ourselves here to the 
precise nature of infra-red radiation and its relation to visible radiation. 

The fact that infra-red radiation is emitted by the same sources as 
light, is refracted by a prism in a similar way, and produces heat in the 
same way, suggests that it is a wave motion in the ether like light. We 
should expect its wave-length to be rather longer than that of red light, 
just as red light has a greater wave-length than that of violet light. These 
views are confirmed by the facts that infra-red radiation obeys the same 
laws of reflection as light, it can be polarised, and finally it can be diffracted 
by a concave reflection grating (Art. 163), from which its wave-length 
can be measured and bears out the above expectation. So the only 
physical difference between light and infra-red radiation is merely one of 
w'ave-length ; the difference which seems so important at first sight, 
that it does not produce the sensation of sight, may be outstanding for 
the human being, but it is of little scientific interest ; the scientist has 
long since learned to regard physiological sensation with suspicion ! 

Infra-red radiation has found a new use in recent years in long-distance 
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photography. It is known that light is scattered to one side by titist in 
the atmosphere and by the molecules of the air itself, and the amplitude of 
the scattered light is inversely proportional to the fourth power of the wave- 
length. So blue light is scattered sixteen times as well as red light, which 
accounts for the red colour of the sun at sunset, when the sun’s rays have 
passed through such a long length of atmosphere , and also for the blue 
sky, which is seen entirely by scattered light. Since the wave-length of infra- 
red radiation is even longer than that of red light, it will be scattered ev^ 
less than red light, so that it will penetrate the atmosphere well. It is po^- 
bleto take quite clear photographs of mountain scenes fifty miles away, using 
a filter passing only infra-red radiation and a suitable photographic plate. 


162. INFRA-RED SPECTRA 

We have already seen (Art. 40) that elements such as sodium and 
nitrogen, when suitably excited, give line or band spectra in the region 
visible to the human eye, and it is interesting to see if the spectra 
of such elements extends into the infra-red also. That is, if sodium is 
excited to give out its characteristic yellow light, does it, at the same time, 
give out any infra-red radiation ? If a spectrum is formed, will there be 
lines in the infra-red as well as the pair of lines in the yellow } To settle 
this question, we need some kind of spectrometer for producing spectra 
in the infra-red as well as the visible. Light of different wave-lengths 
can be separated either by a prism or by a diffraction grating ; the prism 
will give lines of the greater intensity, since most of the radiation falling on 
a grating goes straight through and contributes nothing to the spectrum, 
while all the radiation of a given wave-length incident on the prism will 
go to form the corresponding line in the spectrum. But it is not possible 
to determine the wave-length of the lines formed by a prism spectrometer 
directly from their deviations, w’hereas the diffraction grating forms a 
spectrum the wave-lengths of whose lines can be simply calculated from 
their angles of diffraction. Since the sources of infra-red radiation are 
never very intense, it is important to get as great a proportion as possible 
of the incident light into the spectrum, so it is usual to employ a prism 
spectrometer in the infra-red, but it must be calibrated by' a grating spectro- 
meter using a source intense enough to get lines which are accurately 
detectable. It is interesting to note how' much more sensitive the eye 
is than a thermo-pile ; the eye can detect 10 quanta of yellow' light per 
second, while the thermo-pile needs of the same quanta per second 
to affect it. The photographic plate is superior to both in the sense 
that it responds to the total quantity of radiation received during the 
exposure, while the eye or thermo-pile responds to the rale at w'hich 
radiation falls on them. 

Certain difficulties arise at once in designing an infra-red spectrometer. 
If we decide to employ the type used for examining spectra in the visible, 

its prism and lenses are made of glass. If a source of infra-red 
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potassium 


radiation, such as an electric heater arranged to be just not red-hot » 
p aced in front of a thermo-pile and various screens are placed between 

stronaW o that glass absorbs the infra-red 

strongly. So it will be useless to make the lenses and prism of the 

spectrometer of glass. A similar experiment shows that quartz transmits 

f aylvine, the ciyLline forT^f 

.hloride, best of all. Assuming that we have a spectrbinetef to 
measure the wave-lengths of the infra-red, such as wiU be described below 
It can be shown that glass is transparent up to 30,000 A.U., quartz to 40,000 
A.U., fluorspar or calcium fluoride to 90,000 A.U., rock-salt to 150.000 
A.U., and sylvine to 230,000 A.U. The Angstrom Unit, denoted Con- 
ventionally by A.U., IS 10-8 cm. The prism of the spectrometer is 
accordingly made of quartz, fluorite, or rock-salt ; it is best to use quartz 

if It is transparent enough, as it 'has . a much greater dispersive power 
than rock-salt or sylvine. If either of * ^ 


these 


moisture 


crystal form, by dipping them into a solution of collodion in ether. The 
ether evaporates and leaves a thin film of collodion, transparent to the 
mfra-red over the prism. Lenses can be made of the same materials, 
but It IS better to dispense with them altogether and to collimate the beam 

J i* . s _ _ 


nurrors 


1 his overcomes any difficulties with regard to absorption, it eliminates 
the fact that the focal length of the lens is different for different wavc- 
lengths, and it makes it possible to focus the spectrum with visible light, 

when it will be correctly 
adjusted for any infra-red 
radiation, whatever its wave- 



common 


length. 

infra-red spectrometer is il- 
lustrated diagrammatically in 
Fig. 255, in which the source 
of infra-red radiation is placed 
behind a slit Si, from which 
rays diverge to the stainless 
steel concave mirror Mi. As 
the slit is placed at the focus 
of the mirror, the rays are 
reflected from it as a parallel 
beam and fall on the prism P, 
being refracted on to the stainless steel mirror M 2 , which brings the 
parallel beam corresponding to each wav^-length to a focus at a different 
place in the focal plane of the mirror M 2 . The slit S 2 and the thermo-pile 
T are moved along the focal plane of the mirror in a direction at right angles 
to its axis, and a line in the spectrum is detected by the fact that the 
deflection of the galvanometer connected to the thermo-pile rises to a 


Fig. 255. 


4 
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maximum when the Hne falls on the sHt Sj. The spectrum of any source 
can be mapped out in this way and it may be repeated that the use of 
mirrors, which must be of stainless steel and not of glass, enables the 
spectrometer to be set up and adjusted with monochromatic visible^ light, 
which is very much simpler than doing it directly with infra-red radiation. 

It is more convenient and more accurate to keep the thermo-pile or 
bolometer fixed in position and to bring the different lines in the infra- 
red spectrum on to the detector by rotating the prism. This is done in 
the constant deviation spectrometer, in which a special prism shown 
in Fig. 256 is used to deflect the selected line on to a fixed Mometer. 
The whole point of this spectrometer is that a plane mirror M is attoched 
to the prism P as shown. If AB represents a ray of the incident radiation, 
BC is the ray of the particular wave-length which goes through the prism 

p 


D M 

Fig. 256. 

symmetrically and the emergent ray CD makes the same angle ^ with the 
prism as the incident rayi Therefore it follows from the simple geometry 
of the diagram that CD makes the same angle a with the mirror M as 
the incident ray AB makes with the base of the prism produced. There- 
fore the ray DE reflected oflP the mirror will be parallel to the original 
incident ray AB. This will be true whatever the angle a and hence this 
combination of prism and mirror ensures that the ray going through the 
prism at minimum deviation emerges from the mirror parallel to the 
direction of the incident ray ; that is, the ray going through the prism at 
minimum deviation always comes from the mirror in the same direction. 
It is easy to arrange a concave mirror to focus this ray and all the others 
parallel to it on to a fixed bolometer. But, for a given angle of incidence 
of the ray incident on the first face of the prism, only one particular 
wave-length passes through at minimum deviation and falls on the 
bolometer. The difl'erent wave-lengths are brought on to the bolometer 
in turn by altering this angle of incidence by turning the prism about its 
refracting edge as axis. If a source of infra-red radiation is used, whose 
wave-lengths have already been measured by a reflection grating, the 
reading of the vernier on the prism turntable can be taken for each known 
wave-length and a calibration curve of wave-length against the reading of 
the prism turntable can be drawn up. A very’ sensitive type of vernier 
must be used for this purpose, since the dispersion of a prism, which 
decreases as we go from violet to red and red to infra-red, is so small in 
the infra-red that the whole infra-red is included in 10' with a tspical 
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be used to determine the wa veTen^^of ihe“hifra-red muto 

If the radiation from o i ; . a . . w «ujf source. 


11 1 /• , ^ ui ouou a spectrometer 

Its spectrum will be found to contain not only the doublet in the yellow 

but also a large number of doublets in the infra-red. * 

. •' • •••- :• . 

. • ^ 

a 

163. THE CONCAVE REFLECTION GRATING 

4 ^ 

We shall now describe how the wave-length of infra-red lines can be 
measured by the diffraction grating. The usual transmission grating of 

glass IS useless since glass absorbs the infra-red, but it is possible to 
make diffraction gratings, in which the reflected light is difl^racted on 


reflecting 



can be 


made by ruling a set. of parallel equidistant lines on a plain piece of 


pomt 


parts 


which the light is reflected, most of the light taking the direction obeying 

the law of reflection, but some being diffracted in directions on either side 
of this. Let A. B, C, D, . . . (Fie. 257) leoresent the 



between 


smooth parts 
‘flection takes 


diamond 


can 


a parallel beam is incident at an angle i, consider 
the radiation diffracted at an angle ^ with the 
normal to the grating. The two rays striking 
the lines A and B are in phase at A and F, 
while the rays leaving those lines at an angle 6 to the normal must 
be in phase at B and G, if there is to be a maximum in this direction. 
For, if two crests start from B and G simultaneously, they will arrive at 
the same time at the focus of a lens, whose axis makes anorl#» ft witK 
the normal to the grating, and will reinforce each other, 
difference between the rays falling on successive lines is AG 
^ (sin sin /). So we get maxima in those 


Hence the path 

-BF or 


directions 


equation 


nX 


^(sin sin i)= 

where n is an integer. 

This grating could be used for the infra-red, but it would still need 
quartz or rock-salt lenses both to collimate the incident light and to focus 
the light diffracted from the grating. But Rowland saw how to avoid 


mirror 


the lines being such that their projections on a flat surface are parallel 
and equidistant. The ruled mirror both diffracts the radiation and brings 
it to a focus. The grating is about 6 in. wide and its radius of curvature 
IS Some 10 ft. If the source of radiation A (Fig. 2581 is placed on a circle 
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curvature of the grating 


spectra of the various orders will be in focus along an arc of the same 
ch^e. Let PQ be the grating and be its centre of curvature , the 
width of the grating is so small compared with its radius of curvature tha 
the surface of the grating coincides with the circle on which^the source and 
the spectra lie. Consider the ray AP incident at zn a^le 
rise to a ray PB diffracted at an angle 0. Draw the Imes AQ 
Then Z.AQC= ^APC, since they stand on the same arc, AC and z.CvJU 


they stand on the same arc, AC and 


'CPB for the same reason. 


and 


AP 


wave-length 


lys starting from A i 
:ing will reinforce on 
le spectrum is formed 
lengths are formed o: 


Similarly 
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circle in the neighbourhood of B. So, if A is a source of radiation, the 
spectra of different orders will be in focus on the circle through A, B, 


diameter 


an ingenious mounting 
> or detector illustrated i 


The 


: Y 


Q 


•A/ 




\ 
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Fig. 258. 


Fig. 259. 


grating PQ and the plate B arc mounted on the ends of a steel arm, 
whose length is equal to the radius of curvature of the grating. This 
arm slides up and down the rails AX and AY perpendicular to one 
another, the source of radiation being situated at A. Consequently the 
source, grating, and receiver all lie on the circle w'hose diameter is equal 
to the radius of curvature of the grating, so that the rays of a given wave- 
length from A will come to a focus at B, if the angle of incidence is suitably 
adjusted. This is done by moving the w^oodcn arm into the correct 
position, when the different wave-lengths come to a focus at B in turn. 
The Rowland concave grating is the standard instrument for measuring 
“vva\ t lengths both in the infra-red and ultra-violet, since it eliminates 


the use of lenses. 


proportion 
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-e there. 


necessary to get the spectral 

ily and the grating must 

. since change in tempera- 

Rowland grating is used 
and 


^ at constant temperatun 

tiire shifts the .lines and blurrs them. The 

largely for measuring standard wave-lengths, ana ttese are ft, 
calibraung the prism spectroscopes, which eive mueh 
and can be used to investigate sources of small intensity. 

164. INFRA-RED RADIATION AND WIRELESS WAVES 

Infra-red radiation of wave-length up to 230 000 A D nr n.nn 9 i 
can be produced and detected by the L of Se p^^ Tisl^' 

used T r’ ^ ^ discovered the electric waves, which are now 
used to transmit speech and music in broadcasting. These electric 

waves or wireless waves as they are often called, obey the same laws 

Tn^ “1. ^ “ght ; like light, the/ travel through 

empty space with a velocity of 3 x cm. ne# sec TKpv u ^ 

mterference and diffraction and they can be polarised. ThLe ci be 

wavTenltii ‘tT '"iT “ 

. ength. Th Y are produced by settmg electricity in oscillation by 

discharging a condenser through an inductance, the osciUations of the 
eiectncity setting up waves in free space. Af' 

possible to produce wireless waves with wave-U..s„,. as ia,uw 

metres and as small as 100 metres. The question arises : is there aWo 

m the spectrum between the infra-red radiation and the wireless wavra 
or IS It continuous } 

Attempts were inade -to close the gap from both ends by seeking 
lonpr infra-red radiation and shorter wireless waves. Longer infra-red 
radiatmn was found in a curious way. The reflecting power of quartz 
for different wave-lengths was being investigated, when it was found that 
Quartz was a perfect reflector for 85,000 A.U., 96,000 I.U., and 207,500 
A.u. It was natural to extend this investigation to other crystals such 
as rock-salt and sylvinc, when it was found that the former was a perfect 
reflector for 522,000 A.U. and sylvine for 614,000 A.U.. Quartz was 

t en found to be transparent to these long infra-red waves with an 
abnormally high refractive index, 2-2, and this led to even longer waves 
being isolated. A Welsbach incandescent mantle W (Fig. 260) was placed 
behind a hole H| in a screen to act as the source of radiation and a quartz 
lens L was placed at a distance 2/ from the illuminated hole, where / is 
the focal length of the lens for the long infra-red waves. Another screen 
with a hole H 2 is placed at a distance 2/ on the other side of the lens, 
so that long infra-red waves emerging from the first hole will pass through 
the second one. But shorter waves and visible light, whose refractive 


twenty 


000 
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index is to than that of the long waves, will not converge to the same 
extent and may even diverge, and so they cover a wider area of the second 
screen. Consequently only the long infra-red waves will emerge from 
the second hole, provided that no shorter waves are allowed to emerge 
from it by stopping all the central rays with the stop P placed behind the 
lens. In this way infra-red radiation of wave-length 1,070,000 A.U., or 


O 

w 


Fig. 260. 

just over 0-1 mm., has been produced. It is detected by its heating effect 
and its wave-length is measured by a diffraction grating consisting of 
wires about 0*1 mm. apart wound on a frame. The production of very 
short wireless waves reduces itself to obtaining an oscillating circuit in 
which both the capacity and inductance are very small, and short waves 
of 0*1 mm. have now been produced, which are detected by their electrical 
effects and whose wave-lengths are measured by electrical means. These 
wireless waves can also be detected by their heating effect and so there is 
no doubt as to the continuity of this region of the spectrum. 

165. THE ULTRA-VIOLET 

Having extended the spectrum from the red end of wave-length 7500 
A.u. to a wireless wave of wave-length up to 30,000 metres, it is now 
time to turn our attention to the other end of the spectrum. We must 
retrace our steps and return to the year 1801, when we find Ritter observ- 
ing that, if a photograph of a spectrum is taken, the plate is affected 
beyond the violet end of the visible spectrum. This shows that the 
source of radiation contains rays which are refracted like light, but whose 
refractive index is rather greater than that of violet light. This is called 
ultra-violet light, or better, ultra-violet radiation. It is reflected in the 
same way as light, but it is interesting that silver reflects only 4 per cent, 
of the ultra-violet falling on it ; indeed a thin film of silver forms a very 
good filter for transmitting the ultra-violet while stopping the visible 1 
The best reflecting surface for ultra-violet radiation is a surface of 
aluminium on glass or quartz. In 1811 Young photographed Newton’s 
Rings in ultra-violet radiation, thus confirming their identity with light. 
The radii of corresponding rings was less with ultra-violet radiation than 
with violet light, showing that the wave-length of ultra-violet radiation is 
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less than that of light, which is to be expected from its greater deviation 
by a prtsm. The fact that ^ ultra-violet mdiation is wave^t tS 


dtffering from light only by its smaller wave-length w.fin“all“co^red 

DY measurinp Its \vnvp-L>morPk ^ .. ^ xmucu 


by measuring its wave-length with a reflection gratina 


radiation can be detected in four ways ; photographic 
effect, fluorescence, phosphorescence, and photo-electric efiect. 


C 4 . ^i ji 1*. ^ ' — *'* dici;u The 

first method has^ already been referred to. The second consists in the 


tact that, if certain substances are placed in a beam of ultra-violet radia- 


pon, they emit visible light. For example, a solution of quinine sulphate 
m dilute sulphuric acid gives blue light, a crystal of fluorspar (calcium 
fluoride) gives out violet light, uranium oxide gives out green light as 
does barium platino-cyanide, and so on. The wave-length of the light 


emitted by a fluorescent substance is usually greater than that of 


the exciting radiation, which is known as Stokes* law but there are 


exceptions to it. The third way of detecting ultra-violet radiation is 


to place some calcium sulphide in a beam of the radiation, when it will 


continue to glow with a bright light or phosphoresce for as long as an 
hour after the radiation is switched off. This is the way in which the 


luminous hands and figures of a watch work. Phosphorescence can also 


be obtained with barium and strontium sulphides. Finally, ultra-violet 


light can be detected by the fact that it causes an emission of electrons 
1 «« 


when it falls on a metal plate, the photo-electric effect. 


The first two of these four methods are the commonest ones for the 


detection of the ultra-violet and it is easy to show that glass absorbs 


the ultra-violet strongly, being opaque to wave-lengths below 3000 A.U- 


Quartz is transparent down to 1800 A.U. and fluorspar to 1200 A.U. 


Prism spectrometers must use lenses and a prism of quartz or fluorspar 


and the concave grating is the best instrument for the direct measurement 


of wave-lengths in the ultra-violet. 


Ultra-violet radiation has been found to be a necessary element in the 


production of vitamin D, which is essential to healthy life and it is being 


used in medical treatment nowadays. It is common to give a dose of ultra- 


violet radiation to miners, whose occupation below the ground deprives 


A ^ 

them of the normal amount of ultra-violet radiation, which comes from the 


sun. It has been found useful in the treatment of rickets and tubercular 


abscesses and diseases of the bone. It also has important uses in micro- 


scopy. The reader will recall that what we demand of an optical instru- 
ment is resolving power (Art. 143) and he will remember that the resolving 

f . 1 • 1-22A , . . ■ ' 

power or a telescope is — , where A is the wave-length of the radiation 


D 


and D is the diameter of the objective of the telescope. It follows that 
the resolving power of a telescope would be greater if ultra-violet radiation 
were substituted for visible radiation. The same thing is true of a micro- 
scope. It is easy to sec the physical principle lying behind this result. 
An object is seen or rendered visible by the effect it produces on the 
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i_‘ u f iio nn it Detail is only shown up in an object, when 

"e"of t a«!ll is of the order of the wave-length of the radUtion 
l„g on it. If the size of the .«in is less than the ^ 


nuiiation 


and 


two 

rock 


can 


precisely what the 


photOg 


showing greater detail than has been obtained with the visible have been 
taken in ultra-violet radiation. 

166. SOURCES OF RADIATION 

Before describing how spectra in the ultra-violet are investigated, we 
shall give an aecount of the various sources of radiation, including the 
ways in which elements may be made to give out their characteristic 
spectra. *The most copious source of ultra-violet radiation is the carbon 
arc, in which a current of several amperes is made to flow between two 
carbon rods by a P.D. of the order of 100 volts. The positive carbon 
becomes hollowed out and is the source of most of the radiation, while the 
negative carbon becomes pointed. The radiation is caused by the particles 
of carbon being raised to white heat due to the heat developed bv the 
passage of the electric current. If the crater of the positive carbon is filled 
with an element or one of its compounds, the flame of the arc will emit 
the arc spectrum of the clement. The arc spectrum of sodium and 
mercury can also be obtained from the sodium or mercur}^ vapour lamps 
described in Art. SS. These lamps have the same electrical characteristics 
as the carbon arcs, in that the current and P.D. are of the same order 
and the mercury vapour lamp is particularly rich in ultra-violet radiation. 

The flame spectrum of an element is excited by putting the element 
or one of its compounds in the hot part of a bunsen flame, where it is 

vapourised. The flame spectrum of sodium, for example, is produced 
by soaking a piece of asbestos in a solution g 

of common salt and putting the asbestos — 

into a bunsen flame, \vlien the flame gives 

out the characteristic yellow light, which 

is analysed into two lines close together in M m" 

the yellow in a spectrometer. The spark 

spectrum of a metal can be produced bv 

connecting two rods MM of the metal (Fig. Secondary of Induction Coil 

261) to tlie secondary of an induction coil 

and putting a condenser S in parallel with FiTlhi 

the spark fjap. When the inductinn coil is started up, brilliant sparks nis< 

between the metal rods anil il... i;„l,f p.lss 


M M 


Secondary of Induction Coil 


Fig. 261. 


u.e .nunc , on cni .s started up, brilliant sparks pass 
s .md the lipht emitted is characteristic of the metal 
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specLr 5 the 

to exhaust a tube and fill it with the gas under Lt sucri‘h°d"“* “ 

into the tube and are connected ^ electrodes, are sealed 

giving about 10,000 volts, an electric current 

tvh.ch emits a characteristic lieht. This «“■ 


^vhich emits a cHaracteiSti:™^^^^ 



Fig, 262. 


".mI," ;u?“Ta ««"!■. 


buildings at night. 

and the carbon arc or sodium'-ramp^^ Z t tern 

pern ure is compratively low, the P.D. is of the order of 10 000 vX 

in the capilllry tubec" ’"“‘‘“"’P®' The light is brightLi 

. tiie capillary tube C joining the two electrodes and this tube forms 

of a XXomeJer. ‘he slit 


167. ULTRA-VIOLET SPECTROMETERS 

f Ultra-Violet must be measured in the 
first place by a cnncave reflection grating, which is used in just the same 

'f the infra-red. But the reflection grating has the disadvantage 
that most of the^radiation is reflected according to the usual law and little 
Of It goes into the diffracted spectra, which are therefore weak. Another 
actor contributing to this weakness is the fact that metals reflect ultra- 
vio et radiation badly. The prism spectrometer is therefore to be 
pi eferred, because it gives stronger spectra. It must be calibrated in wave- 
engths with a source of ultra-violet radiation, the w^e-length of whose 
hues have been measured by a reflection grating. Fdir this purpose the 
iron arc, a source rich m lines m the ultra-violet, is used, and the diffraction 
spectra are made sufficiently intense to be accurately measurable by a 
long exposure of the photographic plate to the radiation. When the 
p rism spectrometer has been calibrated, it can then be used to measure 
the wave-lengths of the lines of less intense sources. 

There are certain physical principles of interest in the design of an 
ultra-violet spectrograph, a conventional type being illustrated diagram- 
matically in Fig. 263. The prism must be of quartz, or fluorspar for the 
extreme ultra-violet ; mirrors are not used for focussing, as silver reflects 
ultra-violet radiation so feebly. The focussing must be done by quartz or 
fluorspar lenses. If quartz is used certain difficulties ^ise. Quartz is 
doubly refracting, and to eliminate this the prism is cut with the optic 
axis parallel to the base of the prism, so that the rav traversing the prism 
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at minimum deviation shall suffer no double refraction. But quartz rotate 
the vibration plane of plane polarised light travelling along the optic axis 
and, if ordinary light travels through quartz in this direction, it is split 
up into two circularly polarised components vibrating in opposite senses 
and travelling with different velocities. Therefore the two components 
have slightly different refractive indices and two spectra nearly coincid- 
ing will be produced, which will decrease the sharpness of the spectral lines 
and the resolving power of the spectrometer. This is eliminated by the 
Cornu prism, which consists of two 30° prisms, one of left-handed 
and the other of right-handed quartz, while each lens is cut with its 


N 



Fig. 263. 


axis parallel to the optic axis of the quartz, one being left-handed and 
the other right-handed. The slight separation of the two beams pro- 
duced by the first section of the prism is annulled by the second one 
and the same thing is true of the two lenses. Therefore this arrangement 
of lenses and prisms ensures that the ray going through the prism at 
minimum deviation shall not suffer any splitting whatsoever and therefore 
the corresponding spectral line has the maximum sharpness. One other 
adjustment must be made to get the spectrum in focus all over the photo- 
graphic plate P. The dispersion of glass is greater in the violet than in 
the red, and the same thing is true of quartz ; also the dispersion in the 
ultra-violet is even greater than in the violet. It is so big, in fact, that 
the focal lengths of the lenses for the different wave-lengths vary so much 
that it is necessary to tilt the photographic plate to be at about 20° to 
the axis of the lens O, in order that a wide range of wave-lengths may 
come to a focus on the plate. But the lines will he sharpest in the middle, 
since all rays except the one going through at minimum deviation suffer 
a small amount of double refraction. -The spectrum is focussed by 
replacing the plate by a fluorescent screen and setting this in such a 
position that the line going through at minimum deviation is sharply 
focussed and then the plate is put in this position and is ready for use. 
If the spectrometer has already been calibrated, when the spectra have 
been photographed the wave-lengths of the various lines can be read off 
from their positions on the plate. 

An ingenious way of ensuring that the elimination of any doubling 
of the beam is as perfect as possible is achieved in the Littrow mounting 
illustrated in Fig. 264, in which only the central ray of the beam passing 
through the prism at minimum deviation is shown. The rays from 

the source S are reflected through a right angle by a plane aluminised 

' 1 '^ 
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normdly is reflected back along its path and, in addition, it goes through 

norroa r ,t K*"™'"” Since the optic axis of L quartz fa 

normal to the back face of the prism this ray suffers no double refraction, 

Hnd Snv sulittinop Hii^ -fr^ i* a t 


circularly polarised components is annulkd ^hei;®^; 

on the wav nut nf • ^ ictrates us patn 


on the way out of the prism again. Tke co^enZi:^ 


cure^vhich is never quite troe of the Cornu p^sm, Jh 

one made of left-handed and the 
other of right-handed ^quartz. The beam then passes through the lem 

L again and is brought to a focus at a point on the plate P, which is 


The return 


. ^ ***j XAA txic uiiiKrani, oui. in 

^,”1/1?®’ ^® “u ^ ‘i P *•'« “i® of the lens L, so 


4.u^ r.. t_ . t — wTw v*xw VI ulc icns so 

that the return beam is thrown below the mirror and is not reflected back 


^ 1 . -1 — — *0 iivt iciicutcu oacK 

to C but goes straight on to the plate. The collimation is also perfect 

lOt* Sill \X/0\Tl^M^1^r\ t • * 


o 

and the telescope. 


same 


advantage 


<.L '4. •.. • .,1 o ktuvstliutee 

th^ It IS rather more compact than the more usual type of spectrometer. 

Ihe above spectrometers enable spectra down to 1200 A.U. to be 
investigated ; Schumann and Lyman have got down to even shorter 
wave-lengths by using plates with a very thin layer of gelatine, so that the 
radiation was not absorbed before it reached the silver bromide, and also 


, . vxiv olivci muiiiiuc, auu also 

by exhausting the whole spectrometer so as to eliminate the absorption 
ot the radiation by the air. 


168. X-RAYS 

We have seen that the spectrum has been detected on the short wave- 
length side of the visible region down as far as 1000 l.U. and wefiust 
now pick up another clue from quite a different range of phenomena, 
which will lead to a still greater extension of the spectrum. A ^ number 
of experiments were being done on the passage of electricily trough gases 
at low pressure towards the end of the nineteenth pentuiy and such work 
was one of the great centres of interest in physics, much as the disintegra- 
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tion of the atom is one of the centres of interest to-day. Cathode rays, 
light blue streamers emitted from the cathode of the discharge tube, had 
been discovered, and their nature was the subject of lively controversy. 
The English school of physicists held them to be negativ^ely charged 
electricity, while the German school contended that they were yet another 
kind of radiation or wave motion. Perhaps the most recent experiments 
on these rays (Art. 178) show that there is an element of truth in each 
of these points of view. The chief point of importance for us, however, 
is that a large number of physicists were working with discharge tubes, 
of which a typical pattern is shown in Fig. 265. The tube has two 
electrodes sealed into it, C being the cathode and A the anode. The 
pressure in the tube must be lowered to about 5 ^ mm. of mercury in 
order to produce the cathode rays and at this order of pressure there is 
little else to be seen but the light-blue colour due to their passage along 
the tube. In 1895 Rontgen made a remarkable discover},- when working 
with one of these tubes. He was looking for invisible radiation outsivle 
the tube to see if the second view 
of the nature of cathode rays was 
correct, and he covered the tube in 
black paper to keep any visible 
light from escaping out of the _ 
tube. He happened to have a 
screen of fluorescent material lying 
on the table near to the tube, and 
he W'as surprised to notice that it 
glowed brightly when he w-orked 

the tube by applying a P.D. of some 10,000 volts from the secondary of i 
inductif m soil to the electrodes. I le also noticed that a box of photographic 
plates wrapped in the black paper lying near the tube was fogged, and on 
deliberately repeating this experiment he found that thev were fogged again. 
This fogging must have been due to the discharge tube, siricc some of the 
plates were removed before exposure to the tube and were found to be 
unaffected. Although Rontgen was looking for something quite diflerent, 
he felt that this clue was important and he decided to follow it up. So 
far he had discov^ered that the discharge tube emitted something which 
could penetrate glass and black paper, affected a photographic plate, and 
produced fluorescence. He called this “ thing ” X-rays. It was soon 
huind that they were absorbed strongly by lead and that they cast 
sharp shadows, showing that they travelled in straight lines. It was 
then a simple matter to place a lead screen with four holes in it below the 
ihsi'ltarge tube and to place a photographic plate on the side of the screen 
icTuote f I om the discharge tube. On working the tube and doN'cloping 
tl)e plate, there were four spots on it where the beam of X-rays had come 
through the holes. If the plate were replaced in position and the lines 
loining the snots on the plate to their respective holes were produced 
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backwards, they should have met at the point where the X-rays originated. 
1 he Imes met in an area rather than — ^ — j ^ i 


where the cathode rays struck the opposite wall of the tube (Fig. 265> 


A little later it was shown that the cathode rays were particles of negative 

e ectncity travelling at speeds of 2000 miles per second, in fact, they were 
electrons. Therefore X - ' ' „ » . ^ 


rayar are 


metal target. It is interesting to notice, in passing, that other physicists 


said, after the publication of Rontgen’s work, that they had noticed that 


photographic plates near to discharge tubes got fogged, but they had 


just moved their plates further away. They saved their plates, but they 

V f XT^.1. _ t • « • - A . ’ 


lost the X-rays! Nature whispered to them as she did to Ronteen 


but they were insensitive to this hint and they missed a great discovery' 

'ru 


This fact should dispose once and for all of the popular fallacy that the 

li-k XT' __ • * • ^ 


discovery of X-rays was an accident I The people who are so fond of 

: A.\^i^ 1 11 t . - - * * w*. 


saying this could have the same accident happen to them every day of 
their lives without discovering anything I 






+ 


Fig. 266. 


The type of tube used by Rontgen was developed into the gas-filled 


X-ray tube, the term gas-filled referring to the fact that the remnant of 


gas in the tube is the source of the electrons from which the X-rays are 


produced. This tube could not be controlled properly as the pressure 


decreased as it was worked and finally the discharge ceased altogether. 


It has been replaced by the Coolidge tube, which is illustrated in 


Fig. 266, in which all the factors affecting the nature of the X-rays 
can be controlled. It consists of a tube, which is exhausted of gas as 


completely as possible, fitted with a filament F, which can be electrically 


heated, and a tungsten target T, which also serves as the anode. The 

A 


filament is connected to the negative terminal and the target to the positive 


000 


When 


the filament is cold, no ciurrent passes as the pressure in the tube is too 

low. The filament is then h6at6d bv an electrir r.iirr^»nf nf ahmit av 


ampere 




and gives off electrons, which are attracted to the target by the P.D. between 
it and the filament. A molybdenum tube B round the filament serves to 


concentrate the electrons on to the target as much as possible. The X-rays 


fil^ent . striking 


beam is to be made more intense, it is merely necefsaiy 


co]||rol 


emitted from the filament 


strike 


intense, or “ brighter ”, beam 


If a more penetrating, or harder, 



beam 
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beam is required, the P.D. across the tube is increased. 

Huced is found to be more penetrating. 

The properties of X-rays make them useful, not only m meds^e and 

industiT but also in pure sdence. They affect a photo^phic plate, 

produ^ fluorescence in suitable minerals, such as bmum 

They travel in straight Unes, *ey are not deflerted 

by matter in proportion to Its density ; a given 

than thc samc thickness of wood: bone absorbs 


them better than flesh. 


and 


and industry 


rf a ^nT hid T placed between an X-ray tube and a fluoreac^t 
flesh Aardly absorbs the X-rays at all. Consequently *e p^enW 

swallls a needle, or a soldier is woimded by a bullet, *e 

of the needle or bullet can be found by examination under X-rays. 1 ms 

techniaue of shadow photography «i 


taking 


filling 


yrauii ui tiic %Tx**v.** - — — t . r ** 

Any abnormalities in this outline will help in the diagnosis of the disease. 

J ^ r 1 • sn fh^ case 


A liquia contaimiig ii ^ 

of the stomach ; it is quite immaterial that the bismuth is present m the 

- - t _r i_ • 4.1^ ^-VkA tiicr uft 


form OI CUlliptjuaava, 

strongly as bismuth in the free state. An outline of the complicate 

SYStem'of tubes in the lungs can be made by filling them with lipiodol, a 

liquid containing a compound of iodine. X-rays are also used in the 

fitting of shoes, the detection of flaws in the welds of two metal rods, 

in the examination of aeroplane struts for cracks, and so on. 

The use of X-rays in pure science has arisen out of the attempts to 
find the nature of X-rays. The fact that they are not deflected by electric 
or magnetic fields rules out the possibility of charged particles and 
suggests some form of radiation, but this view is opposed by the absence 


gula 


form 


radiation, they must be very short waves, partly because there is no room 
for any other long waves in the spectrum and partly to explain the absence 
of reflection and refraction. Another possibility put fonvard was that 
X-rays are a neutral doublet, a close association of a positive and negative 
charge, travelling at high speed. This would account for all the above 
facts. Further evidence is needed to settle between these two views. 
The obvious thing is to look for interference, diffraction, and polarisation. 
In 1899 Haga and Wind took photographs of the diffraction pattern pro- 
duced by a beam of X-rays passing through a V-shaped slit and the 





[chap. XVI 


result seemed similar to the pattern obtained with light, the bands being 

obtained only at the narrow end of the slit. This was just what would 

have be^ expected if X-rays were very short waves, but the measurements 

were difficult and the results were not regarded as quite reliable. At any 

rate no one was convinced enough of the importance of the work to try to 

repeat the experiment and Haga and Wind’s results were forgotten. In 

1906 Barkla showed the existence of polarisation in X-rays when he 

produced a polarised beam by scattering in just the same way that light 

can be polarised by scattering (Art. 149). This brought fresh support 

for the view that X-rays were a form of radiation, and in 1912 Laue 

conceived the idea that the regular arrangement of the ultimate particles of a 

crystal would make it an admirable diffraction grating for short waves, since 

the distance apart of the atoms was of the order of 1 A.U., which w'ould 

enable it to diffract waves as short as this. Let us follow up this idea 
and see where it leads. 


169. THE CRYSTAL AS A DIFFRACTION GRATING 

Let us consider a simple crystal such as rock-salt, which crystallises 
in cubes. \\ e do not yet know the structure of the crystal and we do not 
even know whether the particles, of which the crystal is built up, are 
molecules of sodium chloride, or atoms of sodium and chlorine, or some 
other alternative. So W'^e will refer to them as the particles. Since the 

crystal is a cube, the particles 
must be arranged in a cubic 
fashion, and there will be planes 
parallel to one face of the cube 
which are rich in particles. 
There will be similar planes 
rich in particles parallel to the 
Other two faces of the cube. Let 
the dots in Fig. 267 represent 
one row of particles in one of 
these planes which is perpen- 
dicular to the plane of the 
paper. If a parallel beam of X- 
rays falls on this plane, each 
particle will scatter some of the 
incident beam ; it will act as a 
point source of X-rays. In fact, each particle will be che source of a weak 
Spherical wave, which we can regard as similar to Huygens’ second^try wave- 
lets, and these wavelets will combine to give a reflected wave £fmt making 
the same .angle with the plane as the incident wave 
will therefore give rise to a reflected beam making the'^ Same an 
it as the incident beam ahd of very feeble intensity .*^The feeble intensity 
of the reflected beam is due to the number of points at which reflected 
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-meleta are produced being smaU compared wi* the poa^le nwaha 

The plane of particlea, in fact, acts like a plam 


sudi points 


glass would do for Ught, oidy with much less reflecting power 



A 



✓ 

✓ ^ 




Fig. 268. 

fore, if a point source of X-rays A is placed in front of the plane, the plane 

will produce a virtual image B as far behind the ^ ^ ^ 

(Fig. 268). But the reflected ray from this image wiU never be detected 



B.d ✓ 


Fig. 269. 

by itself, as its intensity is too small. The crystal, however, does not 
consist of one plane of particles, but of a whole set of planes parallel to 
and equidistant from one another, which are like the parallel equidistant 
lines of a diffraction grating. Therefore, if a point source A (Fig. 269) 
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virtual 


planes of particles 


1, 2, 3, 4, . . . respectively. If we consider one ray from the point source 


A incident on the crystal at an angle 0, the crystal will produce the reflected 

rrtl. _ *11 s ^ m • ^ ^ 


rays shown. ' There will be a reflected beam of maximum intensity in 

A.* * 1 t . S . . 1 • 4 • • • « .. ^ 


beams 


by interference. If the beams are regarded as coming from their virtual 

Tfc TS 4 4 - - ^ . 


sources ^ 1 , B 2 , B 3 , B 4 


sunply 


the diffraction grating, each source taking the place of a slit or line in the 

^ ^ - 1 _._ .•! «• 


grating. If the planes of particles are a distance d apart, the lines of the 
equivalent grating are a distance 2d apart, so that there will be a beam of 

1 1 - .• . 4 4 


maximum intensity in those directions given by the equation 


2d sin d—nX 


where A is the wave-length of the X-rays and n is an integer. It is to be 
emphasised that 6 is the angle between the incident ray and the surface 
of the crystal and is called the glancing angle of incidence. 

There are two unknowns in this equation, d and A ; we cannot find 
both of them. Are we to be thwarted so close to our goal ? At any rate, 
we can accomplish something ; we can send a beam of X-rays on to a 
crystal of rock-salt and see if the reflected beam has a maximum intensity 
for certain special angles. This turns out to be true, and moreover the 
ratio of the sines of those angles is as 1 : 2 : 3, as*it should be from the 
above equation. We cannot go into the way in which Sir W. H. Bragg 
and his son. Professor W. L. Bragg, used the results about the reflected 
rays to elucidate the structure of rock-salt, to show that atoms of 
chlorine and sodium form its particles and not molecules of sodium 
chloride, and to find the value of d from the known structure of the 
crystal and the absolute atomic weights of sodium and chlorine. But 
d has been found for rock-salt and measuring the values of 0, A can be 
calculated. It turns out to be of the order of 1 A.U., confirming the view 
of those who contended that X-rays are radiation .of very short wave- 
length. We may mention two final points. Firstly, X-rays have now 
been reflected and refracted and, secondly, they are proving a powerful 
tool to investigate the structure of crystals, a matter of immense scientific 
interest. 


170. THE COMPLETION OF THE SPECTRUM 

We have now another gap in the spectrum between the ultra-violet, 
which has been traced down to 1000 A.U., and X-rays, which g6 up to a 
few Angstrom units. This gap has been narrowed down from both 
sides, the limit of the ultra-violet having been extended By working with 
the source and a special reflection grating in the satne exhausted vessel. 
In this way radiation of 100 A.U. has been detected and measured. At 
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V rav«» of longer wave-length have been produced ^d their 
the measLd, not only with cryst^ graungs, but eko 

wave-length has be , completely closed ! 

with ruled gratmgs uJZ.r. extended to wave-lengths of 0 01 


and 


both by the <liscove.y Ot^r-ruy»^co_^ 

tub **whi"l stand higher potentid 
tubes wnicn through which 


can 


electron falls, the 

shown that tne ^ v_-„vs ^>roduced and the greater their 

shorter the ^ave-leng o discovered some thirty years before 

Lrays of the fields and they produced a 

feeble photographic effect and J„rity to X-ra,.. 

several inches of lead, an y .„g.ie„gth was measured by the 

This was finaUy confirmed when the.r ^ j ^ U. to 0 01 A.U. 

use of a crystal as a diffraction gra ' ■ . treatment of cancer 

Both r-«ys and X-rays arc now being used m tne 

and other malignant growths. 


171. SERIES IN SPECTRA 

We have now an amazing range 

it is natural to turn to the types -;«^t,t%roduced by atoms 

and band spectra by ;;:ringXt \ve"^ expect 

to tell us something about >^P S 

to learn something about th consider line 

about the molecule from ;„g ^hat, if the complete spectrurn 

spectra here and we shall including lines in the infra-red 

of an element complicated and to show little sign of 

and „^p,ession is gained by glancing at the spectra 

of other elements, such as hej examining the spectrum of the 

tion and confusion i hydrogen. It consists of fiye groups of 

simplest ^“^eonfined almLt entirely to the visible and is shown 

lines, one of which rlisrovered and is known as 


"^Bamyer serie^ "There is one line in the red, one in the blue-green, 

Te in the blue one in the violet, the lines getting closer and closer together 

umi they readi a limit just beyond the violet. These lines obviously 

have some connection with one another. Can we express it in mathe- 
t' ‘ \ tf-rms ^ The really important step was made when the lines 

werrexpressevi in terms of their frequencies rather than their wave-lengths. 
.\ll the hues ot the series can then be represented by the single equation 
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' • • 


where «2=3, 4, 5 6 
For exan^ple. the’ 1^; 'iuTh; ‘rVd 

green by «j=4, and so on. "" ^ ^ 

t . 9 m 


Md R fa a constant, caUed the Rydberg constitot 


When 


3, the one in the blue* 


series in the infra-red can be renrA«w*nf/s,i 4 .u^ 


The Pasc^en 



4 

where «£ takes the values 4, 5, 6 . . . T 
violet can be represented by the equation 


; ■ 

Lyman series in the ultra- 



where takes the values 2, 3, 4. 5 . . . Two other series are 
by the equations 



R 


and 


R 


2^ 
42 

52 


1 

«2 

«2' 


respectively. To put it in another vay, the frequency of any line 
hydrogen spectrum is given by the equation 


V 


R 


1 


1 


»r W2 


where must be greater than n^. This extension of the spectrum beyond 
the limits of the visible region now brings to light the fundamental 
similarity between all these series. Any line in any of the series can be 
represented as the difference between two frequencies ; and one set of 
frequencies embraces all the series. In other words^ any line in the 
spectrum of hydrogen can be represented as the difference between two 


of the set of frequencies where «=1, 2, 3, 4, 5. . . . These frequencies ^ 

4 

we called the terms of the hydrogen spectrum ; they classify all 
is known about that spectrum. They should reveal to us gnynftf’Kfejg 
fundamental about the structure of the hydrogen atom. ^ 

What about the spectra of other atoms ? We cannot do mdze here 
than to say that all line spectra have been reduced tq diffwence 
between two terms, each element having its own cl ffl recteristic set of 
terms. The frequency of these terms is given by a mathematical rektioii 


Extension of the Spectrum 

complicated kind than that given 





fundamental 


atout the spectra of atoms is rem^kable ^ 


rresponding 
ccrtdin thftt it 

discontinuity in the structure ot -- — — ■ — — 


form a set of discontinuous numbers 


...Ki.l, wns discovered by Moseley and which yields 

out a characteristic line spectrum 


about the atom. 


ns and 
known 


I Terie" Tser es anrso on. Furthermore all these series can be rej^e- 
L series, iM ser , equation repre- 


La wo/ the term, for all the elements. The frequency of the 


terms in X-ray spectra is given by 


V 


R2(Z--^)2 


n 


Rydberg constant again 


where n taKes me vamcs .u, - - • • u,. 

It is interesting, in passing, to notice that the K series is given by 


v= R^(Z — zy 


and the L series by 


V 


R-(Z 




so that they correspond to the Lyman and Balmer series respective^. 
But the strfking thing is that Z is a whole number, the same 

S would be assigned to an element, if the elements w^re written down 
in the order of the periodic classification and numbered hydrogen 1, 

1 — — 11--* atomic number 


nelium z., luiiiuiii ^ 

of an clement to distinguish it from its atomic weight. It is evidently 
of fundamental importance in the structure of the atom, since the anomal- 
ous positions of potassium and argon, tellurium and iodine, which occur 
when the periodic classification is drawn up by atomic weight, disappear 
when it is written out by atomic number. Any theory of the structure 
of the atom roust account not only for its atomic w^eight but also for its 
atomic number, and it would seem as if the atomic number were the more 
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Sr T 7” ‘ 

ihn^f ‘0 account for spectral terms and for some new fects 

deothT^”® inlinitesimal, but they can also be used to p£mb the very 

ear^tL is luTrn’ 

earrn, is such an insignificant member ! 

172. THE DOPPLER PRINCIPLE 


train whistling as it approaches us, we shall notice a suddrirop iTpIS 
of the whistle at the moment at which the train passes us. The uninfonned 
observer is apt to attribute this drop to the shutting of the tap which 
admits steam to work the whistle. But this explanation can eLily be 

shown to be wrong in the foUowing ways. If a number of observera are 
stationed at intervals along the platform they will aU report a drop in 
pitch at the precise moment at which the engine passed them. The driver 
cannot dose the tep as many dififerent times as there are different observers ! 
Secondly, a similar effect can be noticed when the train passes without 
whistling at all. In this case, the rate at which the puffs of steam come 
out of the funnel suddenly decreases at the moment at which the train 
passes the observer. Both of these facts are particular cases of the Doppler 
principle, according to which the frequency of any source of waves as 
recorded by a given observer depends on the velocity of the source relative 
to the observer. The frequency of a source of waves recorded by 


towards 


him and 


the source is moving away from the observer than when it is at 

rest relative to him. Accordingly the observer on the platform hears a 

higher pitch from the whistle than the driver on the footplate of the 

engine, while the engine is approaching, and a lower pitch when it is 

receding. It must be emphasised that there is no question of the pitch 

recorded by the observer on the platform changing as the train gets nearer ; 

the pitch remains constant all the time during which the train approaches 

and the drop is confined to the short interval of time during which ‘the 
approach changes to recession. < 

The relation between the frequency of a source of waves recorded by 
an observer and his velocity relative to the source can be investigated 


. 4 ^ 


mathematically 


Let u be the velocity of a source 


observer^#. 


velocity of the waves relative to the medium, and let w be the velocity 

/•-I 1* • ^ ^ 


of the medium itself. 


they 


Spectrum 




• * 




’*'%* 


the ri^ht and «, n, and « are measured relative to some 

i the earth. Let „ be the frequen^ of 
1 i_ a-u ev.aa«>^» The rcadcr mav at once ask . the trcqueocy 

observer ? We will not specify an observer for the 




will 


frequency of tlie source of waves 
can be measured without making 
observations on the waves them- 


selves. 


example 


S 


O 


possible in the case of a tuning fork ; 
wc can measure the frequency of 
vibration of the fork itself. In the 


— w 
Fig- 270. 


a operation. We have 


the general equation 


nX 


or 


A=f 

n 


In general, when the source and the medium are moving, this can be 


written 


Apparent wave-length 


Velocity of waves relative to the source 


Frequency of the source 


In the present case, if A' denotes the apparent wave-length 


, c-\-w — u 


• (83) 


We also have 


which becomes, in the case when the medium and the observer are moving. 


Frequency recorded by observer 


Velocity of waves re lative to observer 

Apparent wave-length 


So, in this case, if n is the frequency recorded by the observer, 

c+w—v 
n = ^ 

Substituting the value of A' from equation (83) in this equation, we have 


n' _c+to—v 
n c+w—u 


. . (84) 


1 
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Thic equation shows us at once the meaning of n; for » 

3n(J so the freon An/'v . ... 
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• ulc meaning or n : 

an(i so the frequency of the source is just its 
by an observer at rest relative to it. We ' 



when a=f). 


recorded 


uCjv and n'<C.n 


u>v and so while, if it 

These deductions agree with 



, if the source 



from the 


i iicsc ucaucuor 
on a train going through a station whistling. 


the observations 


w 


o — O « ouatiuil WiUSUing, 

by putting 


n j 1 • lAiuot aiiupiy lo case 

0 and working in wave-lengths, A and A', corre 

ncies w jinil .1 < 


^ AwxgwAao, /V iiiiu A , corresponaine to the fre- 

K:: b:::^s"™'^-- -4. equatl,: 


A' 


u 


A . 


• (85) 


Therefore the wave-length of a source of monochromatic light will be 

Siliiteri t'r^‘\xicit“rlc 'ir«/-vlA4> •€ 4.1 • • - . . ■ ® ■ 


, j ^ ^ iieni will be 

red c approaching and towards the 


r^>d if it io Jr ; •*rjK-v^civ,xxr„g rtiLu lowaras me 

red It It IS receding, and, from the amount of shift, the velocity of the 
source can be calculated. :r . 


in u- 1 • . , example, if the source is approaching at 

10 m.p.s., which is about the velocity of the earth in its orbit round the sun 


'A-A 


u 


A 


'A— A 


10 


• • 


A 


186,000 


If 


A=6000 A.U., 


A'-A 


]: A.U. approximately. 


The difference in wave-length of the sodium D lines is 6 A.U. , so that 
e shift can be detected in the case of velocities of the order of miles 


per second with a spectrometer of high resolving power. 


173. APPLICATIONS OF THE DOPPLER PRINCIPLE 


This result, which has been verified in the laboratory for light waves 

i^Q r^^lT^rr M7^1I r\r\'xrTT> t t ^ « 


' .-****wvA XAA xduuracory ror xigni: waves 

as well as being well known in the case of sound, has a number of interest- 

1 n D* 51 T^r>l 1 r*Ql‘ir\r\ o t»^ z* ■ « 


ing applications in astronomy. The presence of sunspots enables us to 
deduce that the sun is rotating on its axis about once in 27 days, since 

Riincnnlc ot-o 


^ xvK, ci.xio auuut once in aays, since 

sunspots are observed to move across the sun’s disc at a rate compatihJfe^ 

wit this period of rotation. The rotation can be confirmed by poin^ng 


- ^CllA JL/^ 

^ ^ spectrometer at the east limb of the sun and pnotograptiing 
the b raunhofer lines ; a similar photograph is taken with the slit pointing 
at the west limb of the sun. I’he corresponding Iines;aii found to be 

vrvsa ^ ^'ponding to the 


S 


.c »vv,oc xixzsu Ulu sun. ine corresponding 
lightly displaced relative to one another, those 

4. i: u ft. - . . ^ 


^ . tnu:>e currcsponaiiig to inc 

west hmb being displaced to the violet relative to tliose from the east 

lirnb. I niQ inni on f rko 4 .Uz^ 4 . 4 .U^ z- - ^ 


'"Pk* • j- Acianvc to .Ttiosc ironi me east 

1 his indicates that the sun is rotating from west to east and, from 


The Extension of the Spectrum 3^ 

the amount of the displacement, the velocity of the edge of the sun can 

be calculated. It agrees with the above period of rotation. ^ 

The nature of Saturn’s rings was also deduced from Doppler s principle. 
The rings may be either solid discs or a swarm of moons. In the fiiat 
case the outer edge wiU move faster than the inner, while, in the second 
case* the precise opposite follows from the law of gravitation. The matter 
can be settled by pointing the slit of a spectrometer first at the inner edge 
and then at the outer edge of Saturn’s rings and taking photograph o 
the Fraunhofer lines in each case. It is found that the lines show more 
displacement from the normal position in the case of the inner edge 
than for the outer edge, thus proving that Saturn’s rings are a Swarm ot 


moons. j - . . 

The velocity of stars in the line of sight can also be measured by pomting 

a spectrometer at the -Star and photographing its spectrum. This con- 
tains some absorption lines similar to the Fraunhofer lines, and their 
general position in the spectrum enables the element producing them to 
be identified, which fixes their wave-length for an -observer at rest relative 
to the source. When the wave-length of the line in the spectrum of the 
star has been measured, the velocity in the line of sight can be calculated. 
The lines are displaced to the violet if the star is approaching and to the 
red if it is receding. Stars moving with velocities of several miles per 

second have been detected in this way. 

It is known that a number of stars are describing orbits round one 

Such stars 


another, for they can be observed doing so in a telescope. 

But some stars have been observed which appear 

The 


are called binaries. 


single in a telescope and whose spectra show a periodic variation, 
lines are now single, then each line splits into two lines after a certain 
time, after an equal time they are single again, and so on. This is due to 
the fact that the star is a binary', with the two components too close together 
to be resolved in the telescope. When the lines are single, each component 
is moving at right angles to the line joining them to the earth and the 
spectral lines are in their normal positions ; when the lines are double, 
one star is approaching and the other receding from the earth, the lines 
of the former being displaced tc the violet, while those of the latter are 
displaced to the red. Such stars are called spectroscopic binaries, and 
many single stars have turned out to be spectroscopic binaries. 

Perhaps the most startling discovery by Doppler’s principle has been 
made in the last five years, when it has become possible to measure the shift 
of the spectral lines in the spiral nebulae. These are island universes of 
stars similar to the collection of stars of which the sun is one, but lying 
outside our system. The spectral lines of these nebulae are all displaced 
to the red, the displacement increasing the more distant the nebula. 
The velocities found are very big, some of the nebulae going at 800 km. 
per sec. A nebula in the neighbourhood of the Gemini at a distance ot 
150.000.000 light years is receding at a velocity of 15,000 miles per sec. ! 
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n tnese und^oubted shifts of the spectral lines to the red arc accepted as 
being caused by the recession of the nebulae, then the conclusion of aU 
these measurements is that the universe is expanding I Some workers 
have alternative explanations of the red shift which does not involve a 
recession of the nebute, but we have evidently detected a phenomenon of 
undamental importance for the interpretation of the universe. 

I he seed whkh Ne^non sowed when he commenced his experiments 
on white light in order to improve the images of telescopes has home 
good fruit ! N ewton replaced the colour discrimination of the eye as a 
means of distmpishing between different sorts of light by a physical 
quantity, refractive index. This has been si 

length. hile still seeking" a snlntinn 


Newton 


wave 


X xcfuiiiiorer uiscovered the dark lines in the sun’s spectrum, which led 

to the discover)' of line spectra. Then the spectrum' was extended- in 

both directions, until the original visible spectrum has shrunk into 

insignificance and the conception of light itself has been enlarged to 

embrace a wave motion in free space whose wave-length may vary from 

atomic to terrestrial magnitudes. Lastly the spectral lines have proved 

to be a tool for probing the vast extent of the universe in which we live 

by analysing the radiation which is sent to us from its remotest depths 

and inr unravelling the mysteries which lie hidden within that new 
microscopic universe inside the atom itself. 


KXAMPLES ON CHAPTER XYI 


1 . V uinpart me gKiss jjrisin and plane diffraction grating as instruments for 
the analysis of spectra ;n the optical region. Explain why different materials 
are used for the const, liction of prisms for use with infra-ted radiation, and 
indicate the type of modiHc ition you would expect to find in gratings which were 

to be similarly used. ^Catnb. SchoL) 

2 . Describe ho’.y infra-red radiation may be obtained and how its properties 

j stu _ led. How may the wave-length of a monochromatic beam of infra- 
red radiation be determined ? {Camb. Schol.) 

3 What reasons have we for supposing that X-rays, visible light, and ullni- - 
^ loJet and infra-red radiation are essentially similar in nature? Compare and 
contrast briefly their more important properties. {Cana'. Schol.) 

4. What are the factors which affect the diminution in intenaiW which a parallel 

beam of white light suffers when passing through the air ? Whit advanta^ are 
gained by using photographic plates sensitive to light in the infra-red onl' 
What w'ould be the characteristics of photographs taken with plates 
only to ultra-violet light or of those taken in a thin fog ? {Casnb.^^ud.) 

5. Give an account of the methods which can be used in the invett^don of 
'tnc inirs^rcQ dnd ultrfl^violct regions oF tHc sp^ectrum* 

Enumerate the types of electro-magnetic radiation other thss vitiWo Uflkt, 
giving their sequence in order of wave-length. ^ {ConA. SM.) 

6. A parallel of radiation falls on a 60“ quartz priam, nAiiCh is set so ^at 

the wave-length 12,560 A.U. of refractive index 1*532 tiiiou|^ dte piten 

at minimum deviation. The emergent radiation is focittsed on a acreen by a 
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betwecnwave-len^s vSW A. M visible spectrum between 7500 A.U. 

™^4000 A ij *;!ffa^ve'indSf’5S7^'l^reanyXu^^^^^ ‘ ' 

" 7 . A aourca of radiation rich in ^iWc Sa'ciw illdices 

r^!,''cn.^tndXTres" “e^rti^^.! Ts^ 

rpi^rwh^rhe-rteVaruK^^^ -^'-d .t .hout 20- to the 

“is df the lens focussing the spectrum. 

8. A concave reflection grating of 

per cm. is used with Rowland 1 j /pig 259.) Find the distance SP 

Srt?i"fotXgTo? - xr^n r a.u.. 364o a. u., 

3030 A.U. , and 2813 A.U. c A-,,m ^ 

9. How would you measure the * ^en hydrc^ic^line (F) whose 

The light from the star Sirius contam^^^ ^.7^ produced' in the 

make from these figures ? (Velocity of light-J X lu cm. p Schol.) 

10 . The svave-length of a spectruin co^i^S star 

motion of the star from 6000 *'^•^•..^. ->^{010 cm /sec) (^amb Schol^ 

relative to the earth. (Velocit>' of hght = 3 xl 0 io cm./sec.) t 

11. What effect is produced on the apparent waves 

(a) when the source moves and the observer is at res , 

(b) when the source is at 'f ' "’oTy and to the broadening 

Discuss some applications of this etie (Camb, SchoL) 

of lines emitted by a hot gas, 

12 . What is the Doppler effect and how can the veloc.ties of the 
its use ? 

13 Explain Doppler’s principle. . spectrum oi the light from 

e s^a^nrfrnrt'o tX'pi’a'ccfl .-™;n .ts no nta, end of 

the spectrum bv an amount equi\alcnt o (TritCs Pari L) 

the line of sight would account for this : K h > 

, A If a PH-Ograph of the Ws sp^ 
fX'p'ordVnllm^finV^wo ape^.ra‘are displaced a 

Explain km and the period of rotation at the equator as 

diameter yv^^nialWave-length of the F line as measured by apparatus at rest 

relatfJe^ to the source is 4861 A.U. An elementary physics laboratory wiU^usually 

have a difTracrion grating of about 5500 lines per ^ 

be possible to detect the above displacement with suc^ a grating ^ 

15 \toms of hydrogen moving tviih velocities of t0» cm per sec. are produced 
in L discharge tubl Calculate the wave-length which the C line of such a hydrogen 
atom would have if it was moving directly (a) towards, (b^ away frotn the slit of 
the spectrometer. The wave-length when it is at rest relative to the spectrometer 

is 6536 A.U . 

16. Give details of the equipment required for the production of a beam of 

^ Explain the general principle of a method for determining the v^ve- length of 
a beam of homogeneous X-rays. (Tripos, Part /.) 

76 
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lenVthofSoS^r onH .^ h“ ■ 8™*in« &r radiation of wavi- 

plane, rich in atoms in mck-sah i. 2% 1 0- J ^1”“ ,*>«?'“" >ucceMive 

and third order spectrS ' * ® ^^^e-length in the second 


Chapter XVII 


THE 


RENAISSANCE OF THE CORPUSCULAR 


THEORY 


THE 


We now seem to have come to an end of on e * * ‘ 


overw’ 


ll^ LrUgris in a subrte medium, the ether 

oervIdL^ Xle of space. There is still the quesuon as to the precise 
Lture of the condition which is propagated in light waves and boun 
wL this is the nature of the ether naelf. B^e ^-e f eady -d 

that the idea of transverse waves in a ir«dium mote ^Me tha t If 

is a most difficult one and that some solution of this ” 

to ultra-violet light it acquires a positive potential of the order of 1 vol . 
This fact is known as the photo-electric effect, for it 

the electron being the atom or unit of negative electricity. The ffoosuo 
naturally arises; how does the number and velocity of 

electrons depend on the character of the incident radiation, ° 

its intensity and frequency ? What answer, based on the wave theory, 

can we make to these questions ? nf 

It is difficult to give a precise answer without a clear mechanism 

the way in which the light causes the emission of the electron, which, m 
turn, demands some knowledge of the structure of matter. The reader 
will be familiar with the fact that an element consists ot atoms sepYated 
by distances about equal to their own diameters, which arc of the order of 
10-8 cm. Each atom is to be regarded as a miniature solar system, con- 
sisting of a minute positive nucleus with some planetary electrons describ- 
ing orbits round it. The nucleus consists of protons, the unit of positive 
electricity, and electrons, the positive charge being due to excess of 
protons. The number of planetary electrons is just sufficient to iiiak« 
the atom electrically neutral. The outer planetarv electrons are attracted 
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feebly by the positively charged nucleus and are the ones which 
^1 be ejected from the metal by the radiation falling on it. Since the 
radmtion only penetrates a layer about 10-7 cm. thick at the surface 
of the metal It is just the outer planetary electrons of the atoms near the 
surface which are emitted. When the light wave falls on the metal, some 
f the electrons absorb enough energy from the wave front \o overcome 
the attm(^on of their positive nuclei and to be ejected from the metal 
with a finite velocity, the rest receiving additional energy of vibration while 
remairiing m the atom. This energy is ultimately passed on to the atom as 
a whole, that is, the metal warms up. If the intensity of the incident 
radiation is increased, the amplitude of the waves is made bigger in the 
anguage of the wave theory. More energy falls on the electrons now, 
so we should expect them to be emitted with a greater velocity. We 
should not expect any marked increase in the number of emitted electrons, 
since the wave front covers the whole of the metal plate in each case and 
the number of electrons affected by it is likely to be the same in each case. 
It is true that a wave of greater amplitude will penetrate more deeply 
before all its energy is absorbed by the metal, but the electrons from the 
deeper layers would hardly be expected to escape from the metal plate, 
as the light wave would be of too small an amplitude when it reached 
them to give them sufficient energy for the purpose. So we expect an 

increase in the intensity of the incident radiation to produce an 
increase in the velocity of the emitted electrons. To put it in another 

way, the closer the source of radiation is to the metal the faster the 
electrons should be emitted. A similar case with water waves may make 
the argument more convincing. If a huge boulder is dropped into a 
lake near to a fishing boat fixed in position, the wave produced will hit 
the boat with considerable violence and may give it such a blow as to 
hurl a stone lying in the bottom of the boat many feet into the air. The 
closer the boat is to the point at which the boulder strikes the lake, the 
faster the stone will leave the boat and the further it will go into the air. 

A chanp in the frequency of the radiation, on the other hand, should 
produce little effect on the emitted electrons, since the frequency of the 
waves has far less influence on their energy than the amplitude, especially 
if we restrict oureelves to the visible spectrum. This is because the 
energy of a wave is proportional to the square of both the amplitude and 
the frequency , but, while the amplitude may be increased a hundred times 
oy an increase in intensity, the frequency can only be doubled in going 
from red to violet. It is possible that there may be some kind of reson- 
ance effect, akin to the great increase in volume when a wireless-set is 
tuned to an incoming wave ; in the photo-electric effect, we should 
expect a specially large velocity of emission round about a frequency 
characteristic of the metal. But, with this reservation, we may say that 
the frequency of the incident radiation should have only a secondary 
effect on the velocity of the emitted electrons. 
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.1 > *TKev arc vciY difficult to establish, since the 

s » «.»y b, 

of ints which is absorbed on the surface of any metal. So ffic 

of gas wni different workers obtamed different 

Zlf »d the same Lrker often found it diffi^t to re^t Ws ^ 
And ^ . . jv g j 1902 Lenard succeeded in establishing 

r.srrz'^'r^'iS” 

Ihich is different for each metal. This frequen^ « m *e f ^ f 
sodium. .hUe it is in the ultra-vioUt at a ^ 3 xJO ^ sn ^ 


Zinc. 


these two 


resonance 


butlurthe hwe t g^tion renders it untenable, since the emrssron <»n- 

hnue“in^reLd velocity when the frequency of the ■"“dem «d“t.on 

“ than the threshold frequency. _ But, on a resonance th^^.^e 


emission should fall ott tor rrequencic. 
the critical value, just as the volume 

of the incoming wave, .^nd how are we to “P 

the intensity of the numerical case. If a 

standard candle is placed 2 metres from a metal^plat. it sends li^t^on 

to it at the rate of 1 erg per sq. cm. per ■ ^ atom of 

can absorb all the light which falls on the cross-section of the atom^^^ 
which it is a part, the electron absorbs 1 are observed 

of cross-section of an atom as lU sq. c . then 

to be emitted with an energy of 10 ergs. ifter swi'tchine 

1000 secs., or more than a quarter of an l.our, should elapse ^ « 

is instantaneous ! The only possible way t.i explaining fact. o|/h ® kmf, 
on the wave theory is to assume that the light acts as a me “ !f„red 

which ejects the electron from the atom by rcleas.ng some 

of the emitted electrons to be independent of the character of *e incident 
radiation, since that velocity is obtained, not from the emirgy of the 
incident radiation, but from an independent stipply inside the atom. 

175. THE QUANTUM THEORY OF RADIATION 


The above facts and hypotheses were being discussed m 
years of the twentieth century, when Einstein piiblishe 


the first few^ 
bold and 


4o6 

revolutionary theory in 1905. 
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facts 


explanation 
explained by Planck in a paper pubShTd in 

i~ r„r,z.z' s T^' 

anH f ^ energy, emitting it as radiation of enerey hv 

eml.-^ frequency r. In Planck’s original form of the theory bo^ the 
ission aW absorption of radiation are discontinuous. But Planck 
aw that a discontinuous absorption implies that radiation is corpuscular 
m nature, which conflicts with the idea of a spherical wave front spreadine 
out m space, a conceptton which is essential to explain interference and 
therefore diffraction. So he modified his theory in order tfiaTTsi^ 
tinuous absorption might not be necessary and was still able to account 

for the facts of black body radiation. account 

Einstein asserted that Planck’s original version of his theory is the 
true one and that the conception of radiation as composed ofbundles 
of energy travelling on in straight lines as discrete units is the clue needed 
o unravel the curious and contradictory facts of photo-electric emission. 

CSllPn t'n^ ^ ^ 


♦U.C. ' , ®uergy, aiiu nc piciurea 

the emission of electrons, when radiation falls on a metal plate, in the 
following way. If the mcident radiation is of frequency v, it sends 
photons of energy hv on to the metal and an electron can absorb the whole 


energy 


— , X »4aav,ct«jr istcAi inai it ceitain 

amount of work, w, is needed to extract the electron from the nucleus of 

its atom and to get it out of the surface of the metal. It follows at once 

that, if hv is less than there can be no emission however great the 

intensity of the incident radiation. For an increase in intensity merely 


in unit 

energy in each photon. Hence 


-o X.,* 111 piiuiuii. nence 

an electron can never get enough energy to bring it out of the surface of 

the metal. So the threshold effect follows quite naturally on this theory, 
the threshold frequency Vo being given by the equation 

hvn=w ... ( 86 ) 




If the frequency v of the incident radiation is greater than v©, then an 
amount to of the energy of the photon is used in bringing the electron 
to the surface of the metal, the remainder being given to the electron in 

the form of kinetic rrsi » . ... .... . . .. 

velocity v, where 


energy 


emitted with 


^mv^—hv — to 

Combining these two equations, we have 

^mv^^h{v--vo) 


(87) 


^ X • 


( 88 ) 
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The of ate intensitfof the incident radiaUt^ 

ir^“eie: r^e frequency in^ea^s in accordance md 

equation (88). An inc«^e dterefore an 
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another objection too . h^^^ ^ co^uscles 


in terms of a frequency, which tacitlyJmpUes 
undulatory, character for the light . 


The supporters of the wave theory 

ire made, anything can be 

ug£ whi^^^e 

interference and diffraction in th®t t ^ to dictate 

energy between matter and radiation. H , getting a mechani- 

his ideas and was not concerned by the ^e^comradtoion between 

cal model for them. No doubt he h°pe<i ‘he 

hU theory and the wave theory would be settle y theory. Was 

theory embracing both his Ne^n when faced with the facts 

not his attitude the same as that of oeemine to demand 

of rectilinear propagation and ^^^.^rb^dly modified 

a corpuscular theory and the other ^ complete 

"tt all evems, the marked _ _^ffemnce in 


quantum 


films 


and the variable retardation oi tne emu « 0 vacuum when 

of gas was overcome by preparing the electrons were obtained 

consistent values for the velocity of t England by 


time 


r the velocity 01 me 

This advance in technique was made Enghnd ^ 

Hughes and was later used by Millikan in America. In 191^ Mill k 

finally proved the truth of ^-stein’s equation to^an a^c™ 

cent., his results providing one of the m 

Planck’s constant which have ever been ^ ^ .-ncv oi to the 

prepared in a vacuum, he sent radiation of known req emitted 

metal surface and measured the maximum ve oci > 
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a, 

radiation. Then 


needed to prevent any electrons 
be plate exposed to the incident 


and so 


V€=zh(v—Vf,) 


louna tnat the graph of V against v is a straifiht line thi.« 

iectron for full details of this experiment. Einstein’s quantum theory 

gives a complete and consistent explanation of the photo-electric effi^t 
without the necessity of any ad hoc assumptions. But the wave theory 
met with difficulties early on, and had to make a new assumption f7r 
each new fact which w^ discovered. This state of affairs sounds die death 
knell of a theory, and Millikan’s results render the trigger hypothesis 
untenable For, if the energy of the emitted electron comes from the 

rad^tio^^ changing the character of the incident 

diation . It might be possible to invent some complicated kind of 

mechanism to produce this result, but it would be little use in suggesting 

further lines of enquiry, since it would be so complicated. Again, such 

a mechanism would give little aesthetic satisfaction. Perhaps this asthetic 

element is the final court of appeal in deciding between the merits of 
tv\ o scientific theories. It is not usually true to say that a set of facts 
can be explained by only one theory ; there are possible alternatives. 
But one of the alternatives will make the greatest appeal on account of 
the simplicity of its fundamental postulates and the beauty of the reason- 
ing leading to the consequences of those postulates. To this extent 
science is not only an intellectual adventure, an attempt to provide an 
all-embracing and simple correlation of an ever wider range of facts, 
it IS a form of art itself. So we must abandon the attempt to explain the 

photo-electric effect on the wave theory and accept a corpuscu lar theory 
of radiation. , 


176. THE COMPTON EFFECT 

bo far we have seen that radiation reveals a corpuscular nature when 
It is converted into the kinetic energy of .^l^ctrons. Now we shall see that 
it reveals the same nature even when it is preserving its existence ! 
This has been shown in connection with the scattering of radiation by 
free electrons. On the classical theory, the scattering happens in some 
such way as this . the incident radiation of frequency v sets the electrons 
into forced vibration with the same frequency. These vibrating electrons 
react back in turn on the ether and radiate light of their own frequency, 
that is, a frequency v. Hence the frequency of the scattered radiation 
is the same as that of the incident radiation. While measurements were 
only approximate, this was found to be true and has long been known 
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^ the «5catterine of light by smaii parucics. wn tuv 
to be tr^ scattering of radiation by electrons is to be treated 

of Energy and momentum. It foUows from . 


that a quantity of energy E has a mass 


E 


Therefore 


. photor, of energy hv has a mass J and a momentum So the pmb- 


hv 


and 


lem can be treated as an impact between the photon of mass 

rlirh. pHo». »» «... .H. »» - -i: 

mass of ^ J ^(^28 gm. Therefore, by the conservation of 

L photon can — icat^a 

the efearon is free, if it is not bound to the nucleus of tts ^he . jact 
is one between the photon and the e ectron i » • , X-ravs 

electron is only some ten times greater than t a ® ^ contribute a 

and so, by the conservation of momentum, the p with a finite 

must be scatterellith decreased energy and therefore dim.msl^ed 
frequency. The increase in wave-length, 

decease in frequency can be calculated front the equat.ous expressing 
the conservation of energy and momentum and is given l3> 


d\ 


2h 


ync 


sin ^0 


where m is the mass of the electron, r is the veloaty of ''gh'. and 0 u 
the angle through which the photon ,s scattered. The cliange m 

sent on to a metal rieh in free electrons and the spectrum ot the 
X-rays is photographed, there should he a hoc ot tltc same ticquei c, . 
incident beam due to scattering by bound electrons and one ot w a > g 

0-0242 X 10-^ cm. greater just beside it. 

Compton claimed to have found this efiect 
scatterer, since carbon is rich in free elections. ven uanc a ^ 

sought for the effect using the same material they could 
anv variation of the change in wave-length with the angU throug 
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light IS scattered and they suggested an alternative evpl«n«i..n of ^ 

effect observed by Compton. Finally Watson, Becker, 

Pasadena m California found both the line of unchanged wave-togth 

piece of evidence in favour of the view that light is corpuscular in nature! 

here IS no escaping this conclusion when light can behave like a particle 

m Its interaction with electrons, and it may be added that the tracks of 

he recoiling electrons have been photographed by the Wilson cloud 
chamber method. 


177. THE EXISTENCE OF DISCRETE ENERGY STATES 


IN THE ATOM 


^ CVlUC 

cerning the corpuscular, or discontinuous, nature of radiation 


Only one more link is needed to complete the chain of evidence con- 

It has 

Deen shown that radiation is corpuscular when it exchanges its energy 
with matter ; it has been shown to be corpuscular when it preserves 
its existence ; it only remains to show the existence of a corresponding 
discontinuity in matter itself. Since matter consists of atoms, the dis- 
continuity must be sought in the atoms with which radiation interacts 


one method used by Franck and Hertz in 1914. 


diagram 


A metal filament F, 
coated with barium and strontium oxides, is heated with an electric 

current and emits a copious 






H 


V 

Fig. 271. 



M 


G P ( supply of electrons. They are 

accelerated to the grid G by a 
known potential V and most of 
them go on through the meshes 
of the grid to the plate P, which 
is at a slightly lower potential 
than the grid. The apparatus 
is enclosed in a glass vessel con- 
taining the element under test at such a pressure, that the electrons will 

suffer a number of collisions with the atoms of the gas between the filament 
and the grid, but, on the average, no collisions between the grid and the 
plate. This ensures that no electron shall get past the grid without having 
suffered at least one collision and, if it does get past the grid with enough 
velocity to reach the plate, it shall not be prevented from doing so by an 
encounter with an atom of the gas. When the filament current is switched 
on and the potential V is adjusted to a small value such as 1 volt and 
applied a current is registered on the galvanometer M. As the potential 
is raised the current increases steadily due to the. increasing velocity 


The Renaissance of the Corpuscular Theory 


41 1 


electrons 


increase 


drops. A further increase in potential causes tne current to 
once more. What is the meaning of this sudden drop ? The explanation 
is as follows : while the potential V is less than Vj, the electrons make 
perfectly elastic collisions with the atoms and rebound with the same 
energy as they had before the impact ; therefore their energy steadily 
increases as they travel along the electric field to the grid and, once they 
have passed through it, there is no collision to stop them reaching the plate 
P and passing on through the galvanometer M. But, when the critical 
potential Vj is reached, the electron makes an inelastic collision with the 
atom, giving up the whole of its kinetic ettergy to the atom to raise it from its 
normal state to another state of higher energy. Hence the electron has now no 
energy left with which" to overcome the small retarding potential between 
the grid and the plate, and therefore it cannot reach the plate ; hence the 
current in the galvanometer drops to zero. So we have shown the existence 
of a state of the atom, in which its energy is greater by a finite amount than 
that in its normal state. We should expect the current to go on rising 
as the potential is increased beyond Vj until it reaches 2Vi, when^ a 
further sudden drop should occur owing to the electron having made its 
second inelastic collision by the time it reaches the grid. This and the 
corresponding drops at SV^, 4Vi, and so on have been detected. 

Will the atom remain in this excited state, as the state of higher energy 
is called ? Since systems tend to get to the condition of least energy, 
it is to be expected that the atom wull return to the normal state, giving 
out this energy which it has received from the electron. In what fo*^ 
will it give up the energy ? Radiation is quite a likely form and it is 
found that when V is greater than V^, radiation of a definite wave-length 
is emitted. For example, with mercury vapour, a line of wave-length 

2537x 10-8 cm. or frequency MSxlO^s c.p.s. is produced. Now the 
critical potential for mercury vapour is 4-90 volts, so that the 
energy given up when the atom returns to its normal state is the kinetic 
energy of an electron which has fallen through 4*90 volts, which is 
4*90 X 108 X 1*60 X 10~20 ergs, remembering that there are IO8 e.m.u. s. of 
P.D. in 1 volt and the charge of the electron is T60x 10 e.m.u. s. This 
energy is 7'85xl0“^2 ergs, and w^hen it is divided by the frequency of 
the emitted radiation, the result is 6*65 X 10“^^ ergs X secs., which is Planck s 
constant, h. Therefore we have proved, not only that the atom can exist 
in a set of discrete energy states but also that the emission of radiation 


is controlled by the familiar equation 


E = /zv 


(89) 


W'here E is the amount of energy lost by the atom in changing from the 
excited to the normal state and v is the frequency of the emitted radiation. 
We now’ see why any spectral line can be expressed as the difference o 
two terms (Art. 171) ; the terms from which a given set of spectm 
lines can be derived, correspond to a set of discrete energ>' states of t e 
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atom changes 

above 


r anu a given line is emitted, when the atoir 

m^nsTht/r" "T- ««»« 

next Th ® between one state and the 

. This property of the states is well brought out in Franck and 

unn^ t *bich Ae electron gives no energy to the atom 

of that “ certain finite amount, when it transfers the lohole 

of that energy to the atom. 

This correlation of the terms with a set of discrete energy states 
of the atom has been verified by an extension of Franck and Hertz's 
ex^riments_ An element in the form of a vapour is bombarded with 
e ections, which have fallen through a known potential, and the potentials 
at which a new line appears in the spectrum of the light emitted are 
rneasuied. It is found that there are a set of values for a given 
e ement, and these potentials are a measure of the work needed to take 
t e atom from its normal state, when its energy is least, to each of the 
other energy states in which it can exist. For hydrogen, the values of the 

potentials are 10*2, 12-0, 12-7, 13-0, and 13-5 volts respectively. The 

frequencies of any of the lines emitted, when hydrogen is excited by the 
above potentials, can be calculated in the same way as was done for the first 
excited state of mercury vapour, bearing in mind that, in the case of hydro- 
gen, the atom may go from its excited state to the normal state via one of the 
intermediate states. The calculated frequencies agree with the observed 
frequencies in every case. Finally a potential is observed at which the 
complete spectrum of the hydrogen atom is produced, indicating that the 
electron has had sufficient energy to raise the atom to the highest energy 
state which it possesses. This state corresponds to the complete removal 
of one of the planetary electrons from the sphere of influence 
of the nucleus of the atom ; in fact, the atom has been ionised. This 
potential is called the ionisation potential of the element ; it is 13-5 volts 
for hydrogen, the las^of the potentials given above. The relation between 
these critical potentials and the spectral terms is now quite clear ; if we 
call the normal state of the atom its first state, the excited state next 

4 9m 


term 


say, is related to the difference in energy of the ionised state and the 
second state by equation (89), this relationship being illustrated in Fig. 272. 

Our guess that the existence of a set of discontinuous terms in the 
spectra of atoms means discontinuity m the atom itself has been verified 
by direct experiment and has been correlated with the quantum views 
of radiation. An atom can assume a set of energy states differing 
by a finite amount from each other ; no other energies are per- 
mitted to it and the atom can only absorb or emit the quantity of 
energy needed to transform it between any two of these states. So 

there can be no doubt that radiation has in some sense a corpuscular 
nature ; for there is discontinuity in the behaviour of atoms 'themselves, 
there is a corpuscular nature in radiation when it remains as radiation. 


Renaissance of the Corpuscular Theory 


4^3 


-re is discontinuity when energy is transformed trom rauiaiion w 

. or from atoms to radiation. We are now faced with a ser^ 

^ ^em oresenting grave difficulties ; how we are to reconcile 
problcni P & which is based on the undoubted 
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be 


lacis oi inicricicin-c — ^ 

on a purely corpuscular theory ? Before attempting any answer o i 
question, we shall show that this problem is a fundamental one, striking 

at the very roots of physical science. 


178. THE WAVES OF AN ELECTRON 

We have already seen that the electron is the unit, or atom, of negative 
electricity, having a charge of l'60xl0 e.m.u. s. and a mass o 
9-1 X 10 - 2 S gm., which is t 838 that of the hydrogen atom. Its charge is 
so small that one billion electrons must pass each second through a goo 
moving-coil galvanometer fitted with a lamp and scale in order to produce 
an appreciable deflection ! It is possible to calculate its diameter from 
the above facts, making certain assumptions, and the value obtained is 
of the order of 10-13 cm. It is not surprising that the electron has always 
been treated as a particle and its properties have always agreed with that 
view. But some experiments were carried out by Professor O. P. Thomson 
in 1928 which showed that, under certain conditions, electrons behave as 
if they were guided by a group of waves. He produced a beam of electrons 
by applying a P.D. of some 60, OCX) volts to the terminals of a discharge 
tube and sent the electrons through a gold foil about 10“^ cm. thick. 
If the electrons behave as particles, it is to be expected that most of them 
will go straigJit on, a few being deflected by other electrons it,>und the 
nuclei of the gold atoms, the greater the angle of deflection the less the 
number of electrons which will suffer that deflection. If a photographic 
plate is placed on the far side of the gold film we should expect a diffuse 
central spot due to the large number of undeflected electrons, glowing 
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much feebler towards the outside. But the actual appearance which » 

gT "P." pemILn ofptftor 

G P. Thomson, is quite different. It is a set of concentric rings of 
liferent radii . The explanation of the rings is that the gold film coSists 

hihu^ ? arranged at random and each crystd is 

heh^ grating for the electron waves, just as rock-salt 

behaves as a diffraction grating for X-rays (Art. 169). It wiU be remem- 

^ I , ^3 as to assume certain values 

for strong reflection to occur, when the beam was deflected through 

twice the incident angle If the permitted values for the electron wav« 


angles 


jn«t 
earn 
W 


film. When the constants of the gold crystal are knowii 


4 

i_ .1 r .r 1 <=>~ axx^aouj.v.u, (.uc wavc- 

1 0-R ^ ^ electron waves can be calculated and is of the order of 

1 U Precisely similar results were obtained by Davisson and Germer 

working at the Bell Telephone Laboratories, New York, using much 

slower electrons produced by accelerating them through a P.D. of the 

order of 100 volts. They reflected the electron beam from the surface 

0 a single crystal of nickel, keeping the angle of incidence constant. 

1 hey found that the reflected beam is strongest in a direction making 
the same angle with the surface of the crystal as the incident beam, and 
that the intensity varies with the velocity of the incident electrons, being 
a maximum for certain velocities. This suggests that the wave-length 
of the waves guiding the electrons depends on their velocity and that the 
velocities giving the maximum reflected intensities have wave-lengths 
which are copiously reflected at the given angle of incidence ; in fact, 
wave-lengths A satisfying the Bragg equation 

nX—2dsind 

where 6 is the glancing angle of incidence of the beam, n is an integer, 
and d is the grating element for nickel. 

These experiments were inspired by the theory of de Broglie, who 

noticed that the laws of mechanics in their most general form are similar 

to Fermat s principle of stationary time, which expresses the laws of 
geometrical optics. He therefore put 

takes the path which it does because it is being guided by waves satisfy- 
ing the laws of geometrical optics. He showed thdt the wave-length of 
these waves is given by the relation 


forward 


A 


h 


mv 


where fjt and v are the mass and velocity rexpectively of the particle and 
h is Planck s constant, which crops up again and is evidently of funda- 
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mental importance in these new ideas. The wave-lengths obtained 
itSated from the above relation So the d-1 

more recently in protons. It is evidentiy a fundament^ 

feature of the whole physical universe, which consistt of 
and photons. It is interesting to note, m connection with 
reference to the waves of an electron that they have already foimd two 
practical applications ; one is the investigation of the surface 61"“ ^ 
gas on metals, which are too thin to absorb X-rays, but produce an effect 


on electron waves 


possibility ot making an 


performed 


electric or magnetic fields. It may be possible to take a photograph of 
an atom with this microscope, since the wave-length ot the wav^ 
can be made comparable with that of the atom by using fast enough 
electrons. Photographs of some very small organisms too small to 
seen by the ordinary microscope have already been taken. Industry is 
at last realising the possibilities of science and nowadays there is only a 
small time lag between the discovery of new knowledge and its practical 

application. 


179. CONCLUSION 

We have now come to the end of our journey and it is natural to turn 
round to survey the ground which w^e have won. ^ he theorems of 
Geometrical Optics were built up to explain the natural lenses and 
mirrors around us. The conception of the thin lens emerged and has 
been invaluable in the design of optical instruments, such as the camera, 
projection lantern, telescope, and microscope. The images produced 
by the simple varieties of these instruments were coloured at the edges 
and were never quite in focus, and the help ot Geometrical Optics was 
sought again to probe the causes of these defects. Thus the theory of the 
various lens aberrations was developed and has helped the lens designer 
in producing the best possible lens for a given purpose ; in practice, some 
defects must be diminished at the expense of others, for our theory told 
us that the perfect leTis giving a perfectly focussed image ot a large object 
with a lens of large aperture can never be produced ; it is contrary to 
the laws ot Nature. Newton's work on the nature ot white liglit was 
inspired by the desire to improve telescopic images and to eliminate the 
colouring at the edges ; it led ultimately not only to the solution ot th.tt 
problem but also to the discovery of spectra, which bid fair to revolutionise 
the very basis of physical science. 

As tlicsc more practical problems were being solved, others of a more 
fundarnentg.! nature have also claimed our attention. What is light r* 
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We have seen how the corpuscular thwry seemed the. correct answei 
at first on account of its simple explanation of rectilinear propagation 
but It was slowly displaced by the wave theory because it could !^elatc 
a wider range of facts ; the phenomena of interference and diffraction 
not rectilinear propagation, turned out to be the facts giving the kcv 
to the nature of light. Finally the phenomenon of polarisation 
required light waves to be transverse, and this introduces the first problem 
\\ith which this book must conclude. What is the nature of light waves ? 

at IS the condition v. hich is propagated through empty space ? How 
does the propagation take place ? 

The second problem is : what is the nature of the ether ? How can 
It transmit waves at the high velocity of light ? Is it a kind of rare fluid 

like air only much less dense ? If so, how can it transmit 

waves ? 



transverse 


hinally, how are we to reconcile the dual nature of both matter and 
radution r Radiation seems to behave as Waves when we are dealing 
wit . large numbers of photons, and as particles when the interactions 
ot single photons are concerned. Matter, on the other hand, seems to 
benave as particles when we deal with large amounts of it, and as waves 
wJieri we deal with the individual particles, such as electrons. May it not 
be possible that the particles are the reality, whether they be photons or 
electrons, and that they arc guided by waves, whose amplitude at a given 
point at a given instant measures the probability of the particles being 
at that point at that instant ? This would account for the interference 
ringes produced by Young’s Slits, for example, since the places of zero 
amplitude of the waves would be places through which no photons pass, that 
IS, they would be the positions of the dark fringes, just as they were before. 
\\ e cannot pursue these ideas any further, but we deliberately end with these 

queries, since this illustrates the very essence of scientific investigation. 
\\ hen new fields of knowledge have been won they reveal fresh problems 
whose solution will open up, in their turn, wider fields of experience. 

1C scare or truth is eternal and as it goes on the underlying concep- 
tions, which are used to correlate the experimental facts, become more 
and more abstract. We have seen the conception of light change from a 
stream o material corpuscles, which are easily imagined, into a wave 
travelling in the ether. The idea of a wave is not specially difficult to 
conceive since there are concrete examples, such as water waves and sound 
waves. ut t e light wave is an imaginary wave of sudh simple properties 
t at It can e represented by a simple equation, while a water wave near 
the sea shore can only be represented by an infinite series ! Also we do 
not know the nature of the condition which is propagated in a light 
wave and the nature of the medium in which that condition exists is very 
strange. But these abstract waves do correlate in a beautiful and satisfy- 
ing way a wide range of facts, reducing to the corpuscular theory in the 
region for which that theory is true in the sense that the light jays travel 
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• 1 I- T'K#* wave theory triumphed in spite of the abstract 

in ^^j^ental concept^ns. because it could explain all the 

r‘r* hlrth^corpuscular theory explained and, in addition, those f«:ts 

diffraction for which that theory failed to acraunt. 

4 eimiltir rnsift. It CBH 


form 
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and wider 
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true, but taking 

:h"e forra"qra^tZ“L;;“;v\;;“;pVli^^^ to th; photo-el^ effect 

and Compton effect Attempts at a syntheses 

Wave 


Deen mauc m ^ . 1 

advanced books for some account of this new hypothrais. 

1 • _ 1C tn^ 1 


will 


advancea dooks lur sumt - 

not have studied this book in vain if he approaches the new theo^ 

1 ■ t .1 . r»Txi 4 xirav/» tKr^nnes have been 


guided 


about 


discussed here ; that is, in a critical attitude and 

authorities, experimental fact and reason. If he t 
ideas critically and humbly, it may be given to him to make soine sm 
addition to them, that they may explain the more perfectly the rich fie 

« 1 1 .i_ 4-A:/^Vhn«/^iio moo^FTl' ^X^OdmTl.dl v3>i 
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physics. 


EXAMPLES ON CHAPTER XVII 


1. Discuss the facts of the photo-electric effect and their explanation on both 
the wave-theory and the quantum theory. 

2. If sunlight is absorbed by a body at the rate of 1 c^orie i^r sec., how ^ny 
quanta are absorbed per second ? Take the wave-length of light as o X 10 cm. 

and h as 6-55 X 10“27 erg-secs. 

3. What is the threshold frequency of a metal ? The threshold w^ve-len^h 

for one of the alkali metals is 5*45 XlO“"& cm. Find the maxirnum velocity with 
which electrons are emitted if light of wave-length 4 05 XlO^S cm. falls on the 
metal. Find also the positive potential in volts which the metal wll acquire m 
order to stop any further emission. (Mass of the electron =8*8 X 10 charge 

of the electron=4-8xlO-lO E.S.U^s., 1 E.S.U. of P.D. = 300 volts.) 


4, X-rays of wave-length !■! X 10“^ cm. fall on a zinc plaie. Find the maximum 
velocity of emission of the electron, if the threshold wave-length for zinc is 3*0 X 10“ 
cm. Calculate also the energy' of these electrons (a) in ergs, (b) in electron-volts. 
(The electron-volt is the energy acquired by an electron in falling through a 

P.D. of 1 volt.) 


5, Discuss the Compton effect and its bearing on the nature of radiation. 

6, Write an essay on the nature of light, bringing out the way in w’^hich the 
prevailing view has altered as more evidence has accumulated. 

7, Do you consider that the accuracy of physical measurements is limited 

only by the coarseness of instruments ? Do you think there is any absolute limit 
to the accuracy obtainable in measuring a length ? {Oxfoy d Schol.) 



Answers 


CHAPTER I 


7. 37'’ 10'. 57" 55'. 

9. 17-32 cm. below water 


8. 2", 1*625. 

surface, 13*1 cm. below liquid surface. 


CHAPTER 11 


1. 15-3 cm. 

4. 14 cm., 29 cm., no. 

7. 40 cm., 120 cm. 

9. 1 cm., 22 5 cm. 

11. 1-5 cm., 100 cm. 

13. 24-2 cm. 

17. u</or 

19. 6 in., 5-983 in., 3-590 in. 

24. ^ cm. 

28. 0-57 c.m., 8-6 c.m. beyond the 
second lens-image is further 
from second lens and longer. 

29. dh y, i y, T>/* ^ » ff 'i- 

3 1 . /i 2U2 -I-/22U1 +/l/2^ • 

/l(U2— /2) -/l. 

/2(Ul-/l) ./2 


3. 3 08 cm., 6-8 mm., 0-92 mm. 

6. Converging, 10 cm. 


8 . 

10 . 

12 . 

15. 

18. 


6-7 cm. 

1-63, 23-05 cm., 2513 cm. 

1-20 cm., 18 cm. 

13-8 cm., 1-575. _ 

1 in.. 6-33 in.. 13-82 m., 7-91 


in., 


6“33 in., 3-16 in. , r n • 

20. 1-856 in., 2 041 in., 31-8 in. X 15-9 in. 
27. 12xy—70jc—70y— 125=0, where 

X and y are measured from the 
centre of the combination. 

33. 22-1 cm., 15-7 cm., 1-46. 

34. -18-1 cm., -18-1 cm. 

35. 30 0 cm. from lens, vertical lines, 

0 5 mm. apart ; 120-0 cm. from 
lens, horizontal lines, 2 mm. apart. 


1 . 

4. 

6 . 

8 . 

11 . 

14. 


CHAPTER 111 


24-0 cm. 2. 39-4 in. 

Concave mirror of focal length 0-75 in. 

5-14 ft. 

7-5 cm. towards the mirror. 


3. —20 in., 20 in. 
5. 2 ft. behind 

4-4 ft. 

9. 17-8 cm., 75 cm. 


mirror, 


40 cm. 
114° 34'. 


12. -30-0 cm., 28-5 c.m., 31-8 cm., 1 50. 
15. 5 2 cm., 9-4 cm. 17. 1-25. 




4. 2 X 10“* sec. 


CHAPTER IV 

6. 31-60 cm., 33-18 cm., 015 cm. 


CHAPTER \ 


era . , 


11.1-532,40°. 12. 8°, 1-5, 1-6. 

14. 46', 16'. 15.1-88 cm., 0-64 

. 20. 15 cm., —30 cm. 1-24 cm. 

24. 50° 14', 0-27°. 

25. —36-2 cm. ; 20-14 cm., 19-78 cm. ; 44-75 cm., 44-70 cm., 44-75 cm. 

26. 2-69 in., —4-86 in. ; crown glass convex'lens, 4-96 in., -1-93 in. ; Hint glass 

diverging lens, -1-93 in., —4-96 in. ^ 

27. 5-51 in., -9-99 in. ; 5-70 in., 13-0 in. 28. 2-60 in., —2-26 in., 7-08 In. 


10. 0-18°. 

13. 1-516. 

16. 2-4°, 0-023 
23. 1-655. 
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Answers 


1 

2 

3. 

5, 

7. 


8. 

11 

12 


• iO c™.. ,0 diop.„. 

' SO 01 4°cmTM3“" * 4 ”' W'®"' ^ ’ 

27-3 cm. to 300 ciii. ’ *'’■ ”• 

- 6-0 <^^optrra*spher^M^^?0*di<mt^’i^^^™■ f®*? ” * vwtied pbnc • 

in a vertical plaSe. ’ ” * horizontal plane and 3-5 <l£^ 

’ *”•> 28-7 cm. •' 

’■‘iHi ■ "”™ Sl«“’li.S!Ts2“?n!^ 

4 92 in., —3’20 in., oo. ’ •> 3 30 in. , flint glus lens, 



/ 


2 . 

8 . 

13. 

15. 

16. 
23. 
25. 


96 2?si T' tn S foot-candles. 6. 0-96. 

in lumens per sq. metre. 14. 2860 candles ner so 

0?S1 P®" f 330 candles per sq. ft. ^ 

0*98 ft.-candles, 29 candles per sq. ft. 

3 ft.-candles. 26. 0’12. 


ft., 0-74 ft 


CHAPTER XI 

1. 7 days ±1*87 min. 3. 221*4 rev. per sec. 6. 0*875 mm., 2*02 mm 

CHAPTER XII 

% 

10. Increased to 61*9 cm. 

14. 31-4 cm. per sec., 98-9 cm. per sec.2, 27-2 cm. per sec., 8-6^ cm. 




3. 5880x10-8 cm. 
17. 42*3 cm. 

21. 0*366 cm. 

27. 19. 


CHAPTER XIII 

7, 0*169 cm. 10. 1*13°. 

18. 5460x10-8 cm. 19. 1*590. 

22. 0*0289 cm., 0*0578 cm. 

29. 1*000194, 


CHAPTER XIV 

9. 1 442 cm, 

12, 3086 lines per cm. 

14. 3010 lines per cm.i 9* 55'. 


7. 0*18 cm., 2 dark bands. 
11. 9538 lines. 

13. 42'. 


Answers 



15 . n'3or. 

20. 0 0315 cm. 

2 

22. iLc sm 
25. 17° 8'. 


19. 6 ; 6-25 xlO“S cm., 5'OxlO-s cm., 4*16XlQ“5 cm. 
where D is the angle of minimum deviation ; 2*^9 X 10-5 cm. 

27. 17« 8', 17» y ; yes. 


11. 0-00324 cm. 


CHAPTER XV 

12. 7-789 cm., 8 0®. 


CHAPTER XVI 


6. 6-14 cm., 1-370 cm. 

8. 60-33 cm., 54-61 cm., 45 44 cm., 

9. —46-29 km. per sec. 

13. —75 km. per sec. 

15. 6514-21 A.U., 6557-79 A.U. 


7. 35-42 cm., 30-00 cm., 241 5 cm. 
42-20 cm. 

10. —50 km. per sec. 

14. 0-0982° A.U. no. 

17. 1-107x10-8 cm., 23°17', 36° 22'. 


CHAPTER XVII 

2. 1-275 X 1019 quanta. 3. 5-319 X 106 cm. per sec., 0-78 volts. 

4. 6-368 X 109 cm. per sec., 1-78 XlO"* ergs, 11,150 electron volts. 
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tmmben refer to petges 


of light, 242 

^spterical, 105, 119, 159, 183, 185, 
Absorption spectra, 92 

Accommodation, 134 

Achromatic combinations, of lenses, 

83 , 97 

j of prisms, 94 

— fringes, 293 
Amplitude, 258 
Amyl acetate lamp, 196 
Anastigmatic lens, 159 

Angle of minimum deviation, 85 . •* 

— of prism, 88 
Angstrom unit, 376 
a-particles, 93 

Aplanatic surfaces, 116, 187 
Aqueous humour, 134 
Arago, 316 

Arc, carbon, 213, 383 

— spectrum, 383 
Astigmatic lens, 44 
Astigmatism, 143 

— of oblique pencils, 63, 121 
Astronomical telescope, 169, 182 
Atom, structure of, 403 

— discrete energy states in, 410 
Atomic number, 395 
Atomicity of energy, 406 

Balmer series, 393, 395 
Band spectrum, 90, 393 
Bartholinus, 235, 237 
Beats, 269 
Biaxial crystals, 355 
Bijfocal liens, 148 * 

Billet’s split lens, 289 
Binaries, spectroscopic, 399 
Biprism, 287 
Blind spot, 137 
Bolometer, 374 
Bradley, 244 

Bragg, Sir W. H. and W. L., 392 
Brewster’s law, 351 
Brightness, 197, 216 
— visual, 218 


Cainera, photographic. 1 56, 222 

— ptnhole, 4 
Canada balsam, 360 
Candle, standard, 1 95 

power, 196 

— mean spherical, 206 
Carbon arc. 213. 383 

— filament lamp. 213 
Cassegrain. 180 
Cathode rays, 387 
Caustic, 61 

aberration, 81, 159, 183, 185^ 

Ciliary muscle, 133, 136, 140, 142 

confusion, 45, 62, 63.81. 

109,122,138,143 ’ ’ 

Circularly polarised light, 367 
Colour blindness, 152 ^ 

— photography, 153^ > 

— vision, 151 

Colours of thin films, 294 
Coma, 119, 183, 185, 186 ^ 

Complementary colours, 79*, 1 54, 1 56 
Composition of S.H.M.’s., 277 
Compton effect^ 408 

Concave reflection grating, 378, 384 

— mirror, 52, 62 

Continuous spectrum, 89 
Convention of signs, 20 / 

Cornea, 133, 134, 143 
Comu-Jellet Nicol, 364 
Corpuscular theory of light, 229, 249, 

255, 406 X 

Critical angle, 8 . V 

Crystalline lens, 133 * > 

Curvature of the field, 126, 159, 185, 
186 

Cylindrical lenses, 44 





Calcite 


Davisson and.Germer 
De Broglie, 414 
Delisle, 317 

Depreciation 

Depth of fqpM^161 
Descartesgj®, 67 
De viatpup as^le of rain 

377J3S5 ■ 

^cxtro-rotatory, 363 
^iffiaction, 312 et uq. - 

— at circular '^jpetriu'e. 3 
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Diffraction at cnrcuUr obstacle, 316 

— at narrow obstacle, 323 

— at dit, 324 

— at stra^ht edge, 319 

— Fraunhofer, 328 

- — Fresnel, 316 et seq. 

— grating, 329 
Dioptre, 41 

Direct vision prism, 96 
Discharge tube, 214, 384 
Dispersion, 74 
Dispersive power, 82, 94 

of grating, 333 

of prism, 94 

Distortion, 129, 160, 185 

— barrel, 130 

— pin-cushion, 130 
Doppler effect, 396 

Double refraction, 346, 355, 385 
Double stars, 399 

Efficiency of a source of light, 213, 216 
Einstein, 406 

Electric discharge lamps, 214 
Electron, 210, 214, 215, 388, 403 et seq. 

— waves of an, 413 
Elements, half-period, 320 
Elliptically polarised light, 368 
Epidiascope, 188 

Erecting lens, 176 

Ether, 231, 238, 345 
Extraordinary ray, 346, 356 

— refractive index, 358 
Eye, 133 et seq. 

— defects of the, 139 et seq. 

Eye-pieces, 183 

— Huygens, 185 

— Ramsden, 184 
Eye-ring, 172, 175 


Far point, 137 

Fermat’s principle of stationary time, 8, 
42 

Field glasses, 176 

— lens, 184 

— of view, 172, 175 
Fizeau, 244 

Flame spectrum, 383 
Flicker photometer, 203 
Fluorescence, 382 
Fluorite, 376 
Fluorspar, 376, 382 
Focal leni^h, 23 

-of mirrors, 55 

—of lenses, 29 

— lines, 45, 63, 123 
Focus, 30, 55 

— depth of. 161 
Foot-candic, 196. 208, 211 
Foucault, 247 



Fovea, 134 
Franck, 410 

Fraunhofer Imes, 91 , 399 
Frequency, 257, 258 
Fresnel, 287, 313, 328. 345 
Fresnel’s bi-prism, 287 

— mirrors, 289 
Fringes, achromatic, 293 " 

— interference, 267, 284 ^ 

— localised, 302 

— of equal inclination, 303 
thickn^s, 298 

— non-localised, 292 ' 

— white light, 293 




Galilean telescope, 174 
Gamma rays, 393 
Germer, Davisson and, 414 
Grating, diffraction, 329 

— crystal as a, 390 

— element, 331 

— reflection, 378 
Grease-s|X)t photometer, 199 

Grimaldi. 69, 77, 235, 239, 284, 324 


Half-period elements, 320 

— strips, 320 

— zones, 313 

Harcourt pentane lamp, 196 
Herschel, 373 
Hooke, 235, 294 

Huygens, 260, 345, 347, 355, 390 

— eye-piece, 185 

— principle, 261 
Hypermetropia, 141 

Iceland spar, 237, 345, 355, 358, 360 
Illumination, 196, 211 

— engineering, 211 

— measurement of, 208 

Image, 4, 5 » 

— extraordinary, 346 

— ordinary, 346 

— real, 5 

— virtual, 6 

Infra-red radiation, 373 et -scq. 
Interference. 282 et seq. 

— conditions for, 283 

— in thin films, 294 
Inverse square law, 197 
Ionisation potential, 412 
Iris, 134 


Jena glass, 1 59 

joly photometer, 201 

Karolus and Miltelsinedt on the 
velocity of light, 

Kerr effects, 36('i 
Kirchhoff, 91 
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Laevo-rotatory, 363 

L-amps, electric, 213 
~ electric discharge, 214 

Lenard, 405 
Lens, 28 et seq. 

— achromatic, 97 
aperture of, 61 
converging, 30 

diverging, 31 

thin, 28 et seq. 

Line spectrum, 89, 393 
Littrow mounting, 386 

Lloyd s single mirror, 290 294 
Lumen, 196 ’ 

Luminous intensity, 196 

Lummer-Brodhun photometer, 

Lyman, 386 
series, 394 
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Nudeus of the atom, 403 

Numerical aperture of a micreacope, 221 


Objective, oU immersion. 1 87 

Of microscope, 186 

~ of telescope, 182 
J^pera glasses, 1 76 

J^phthalmoscope, 145 

Ofders^ln 385 

331 effraction grating spectra, 

Ordinary image, 346, 350 
— ray, 346, 356 


201 , 


Magnetic rotation, 365 

Magnification, 33, 181 

— of lenses, 33 
^ of mirrors, 58 
Magnifying glass, 166 

— power, 1 66 

of microscope, 181 
^ — of telescope, 170 175 17S 

Malus, 350, 352 .e/5, i/s 

Mran spherical candle-power, 206 
Mechanics, wave, 227, 417 
Meniscus lens, 30 

MeLTSf Jamp,215, 383 

Metei filament lamns, 206 21 3 

Metre-candle, 197 ’ 

Mica, 291, 355 
Michelson, 250, 251 

MilirntW*”’ 

Mmimum deviation, 85, 88, 377, 385, 

Mirrors, paraboloidal, 180 

— plane, 5 

— . spherical, 52 et seq. 

Mirror telescopes, 83. 178 
M.ttelstaedt, Karolus and. 369 

Monochromatic light, 76 

Myopia, 140 


Near point, 136 
Negative crystals, 355 
Neon lamp, 214, 216 
Newcomb, 250 

Newmn, 67-84, 229, 232, 237, 301, 348, 

Newton’s Rings. 235. 298 
~ te escope, 180 
iNicol prism, 360 


Panchrormtic photographic plates 
Paraboloidal mirror, 178 ’ 

Pentane lamp, 196 
Penumbra, 4, 3 1 6 

Periodic time, 257, 258 
Fetzval condition, 128 
Phase, 259, 274 

~ change at reflection, 291 

Phosphorescence, 382 
Phot, 1 97 

Photo-elasticity, 367 

Pigments, 79 
Pile of Plates, 353 
Pin-hole camera, 4 
Planck’s constant, 406, 411, 414 
Plane of polarisation, 351 

rotation of, 362 

Platinum standard, 196 
Poisson, 316 
Polarimeter, 364 

Polarisation by double refraction, 237 

— by reflection, 350 

— by scattering, 351 
Polarised light, circularly, 367 

detection of, 350, 353, 361, 368 

elliptically, 368 

plane, 348, 350 

Polarising angle, 351 

Polaroid, 361 
Positive crystals, 355 ’ 

Power of a lens, 41 ^ 

^ of a refracting surface, 41 

Presbyopia, 139 

Principal plane of crystal, 346, 361 
Prism, 38, 86 

— resolving power of, 339 
Prismatic binoculars, 176 
Proton, 403 

Pupil of the eye, 134, 138 
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Quantum theory, 405 et se 
garter- wave plate, 36 / 
vuarte. 36H Xlfs. 'inn 'toA 
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Quartz prism, 376, 384 

— rotatory polarisation of, 363 

Radiation, 373 et seq. 

— infra-red, 373 et seq. 

— ultra-violet, 381 et seq. > 

Radium, a-rays, 227 

— y-tays, 393 

Radius of curvature, 17 ^ 

Rainbow, 67 

Ramsden eye-piece, 184 ~ 

Ray, 5, 231 

Rayleigh refractometer, 305 
Real image, 5 

Rectilinear propagation, 4, 228, 312 
Reflection, change of phase, 291 , 296,299 

— at plane surfaces, 5 

— at spherical surfaces, 52 et seq. 

— fits, of, 236 

— grating, 378 

— , total internal, 8, 265 
Refraction, double. 237, 346, 355 

— at plane surfaces, 6 

at spherical surfaces, 16 et seq. 

— through a lens, 28, 38, 42 
Refractive index, 7 

— extraordinary, 358 
Resolving power, 137, 334 t 

of diffraction grating, 337 

of eye, 137 

of prism, 339 

of telescope, 335 

Resonance, 404 
Retina, 133 
Reversal of D line, 91 
Rock-salt, 376, 380 
R6mer, 240 
Rdntgen, 387 

Rotation of plane of polarisation, 362 

— — — specific, 363 
Rowland, 378 
Rutherford, 227 

Saturn’s rings, 399 
Scattering of light, 351 

— of X-rays by electrons, 408 
Schumann, 386 

Sclerotic, 133 
Series in sp>ectra, 393 
Shadows, 4, 231, 236, 315 
Shift of fringes, 291, 306 
Sign convention, 20 
Simple harmonic motion, 272 
Sine condition, 117, 121 
Slit, diffraction at a, 324 
Snell’s law, 6 
Specific rotation, 363 
Sp>cctacles, 147 
Spectral terms, 394, 412 
Spectrometer, 85 

— adjustments of, 87 


Spectrometer, constant deviatipn 

infra-red, 375 
ultra-violet, 384 
Spectroscopic binaries 
Spectrum 
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absorption, 92 
arc, 383 
band, 89 
continuous, 89 
emission, 89 
flame, 383 
infra-red, 375, 
line, 89, 393 
of stars, 399 
pure, 73 
solar, 90 
spark, 383 
ultra-violet. 3S 
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Spherical aberration, 109, 119 

methods of decreasing, 114 
of mirror, 61 
mirrors, 52 et seq. 
refracting surfaces, 16 et seq. 

Standard candle, 195 
Stars, double, 399 
motion of, 399 
Stokes, 92 
Stokes’ law, 382 

Straight-edge, diffraction at, 319 
Strain and double refraction, 367 
Sun, composition of, 91 
— rotation of. 398 


Telephoto lens, 160 
Telescope, astronomical, 169, 182 

— Galilean, 174 

— magnifying power of, 177 

— reflecting, 178 

— resolving power of, 335 

— terrestrial, 176 
Term, spectral, 394 

Terms and energy states, 412 
Thermo-pile, 374 
Toric lens, 148 

Total internal reflection, 8, 265 
Tourmaline, 348, 355, 358 
Transverse waves, 257, 345, 349 

Ultra-violet radiation, 381 

— spectra, 394 

— spectrometer, 384 
Uniaxial crystal, 355 


Vacuum tube, 214, 384 
Vibration plane, 352 

— ; — and principal plane, 

Vibrations, circular, 279 
elliptical, 278 
Virtual image, 6 
— object, 22 


354 
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Vision, colour, 151 
Vitreous humour, 134 

Wave, 231, 256 

— front, 261 

in crystals, 355 

— length, 258 

determination of, 2 

298, 323, 329, 378, 390 

— mechanics, 417 

— motion, 258 et seq. 

equation of, 275 

Wavelets, 261, 355 
Waves of an electron, 413 
Wratten filters, 78^ 
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X-rays, 386 

— determination of the 

390 

scattering of, 408 

Yerkes telescope, 170 
Young, 284, 301 ', 345 ^ 
Young and Forbes, 247 
Young’s Slits, 284, 292 

Zeemann effect, 365 
Zone plate, 326 
Zones, half-period, 313 
Zylonitc, 367 
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